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The unconventional resource play potential of the Vaca Muerta Fm. in the Neuquén basin 
has renewed significant interest from the hydrocarbon industry. A combination of methodologies 
applied for conventional reservoir characterization, along with recently developed techniques, 
enables the evaluation of these fine-grained mudrocks. A multi-disciplinary study based on 
elemental and isotopic chemostratigraphy in a sequence stratigraphic framework allows for a 
better characterization of the Vaca Muerta reservoir system.  
The purpose of the first part of this study is the characterization of nano- to microscale 
pores in the lower Vaca Muerta Fm. and their contribution to the reservoir. The combination of 
FE-SEM observations of argon ion-milled surfaces with QEMSCAN analysis allows a complete 
pore characterization in terms of pore distribution, type, shape, and size. The lower Vaca Muerta 
interval is dominated by interparticle pores, followed by intraparticle pores. Organic matter-
hosted pores are the least common at this location due to insufficient thermal maturation. 
The second part of this study focused on fractures in the Vaca Muerta, and included 
characterization of bedding-parallel and sub-vertical calcite-filled microfractures and the relative 
timing of the cement infilling and hydrocarbon generation. CL and carbon and oxygen data 
support that calcite cementation occurred from a single fluid phase for both types of fractures 
during a later stage of burial and from fluids derived at greater depths and temperatures than 
present day burial. Data herein support two fracturing stages: (1) one related to the main stress 
field during the latter part of the Cretaceous and (2) a second bedding-plane fracturing stage 
related to the onset of hydrocarbon generation. Open fractures that initially provided flow paths 
for undersaturated fluids were cemented through calcite precipitation. Lastly, hydrocarbons filled 
the remaining pore space within the fractures.  
The third part of the study comprises the elemental and isotopic characterization of the 
Vaca Muerta Fm. Advanced technologies, such as the handheld energy dispersive x-ray 
fluorescence spectrometer (ED-XRF), allow for rapid and non-destructive collection of 
elemental values. The purpose of this part of the study is to combine elemental, and carbon and 
oxygen isotopic chemostratigraphy with facies interpretation to construct an integrated sequence 
stratigraphic framework for the Vaca Muerta depositional system. Most suitable elemental 
proxies for the Formation are detrital proxies (Al, Ti, Si, Ga, Nb, Th, Zr, K, Cr and Rb), 
iv 
 
carbonate proxies (Ca and Sr), and redox and/or organic matter proxies (Mo, Zn, Ni, V, Cu, As). 
Stable carbon and oxygen chemostratigraphy can be a powerful technique for mudrock 
correlation. The interpreted chemostratigraphic units provide chronostratigraphic markers 
coincident with sequence stratigraphic boundaries. The sequence stratigraphic model developed 
here shows three sequences that are consistent with 3rd order sequences previously interpreted in 
the basin. Highstand systems tracts are defined by high Ca peaks in the upper part of the Vaca 
Muerta section, representing an increase in periplatform sediments. These are composed of 
bioclastic lime wackestone and the lime mudstone facies. Clay rich transgressive systems tracts 
are characterized by high values of Mo and Ni, moderate values in detrital proxies, and low Ca 
values.  
The Vaca Muerta Fm. in the study area has been previously correlated to the early to late 
Tithonian time interval. Isotopic values from this study support that the upper Vaca Muerta Fm. 
was deposited between the mid to late Tithonian. The lower Vaca Muerta however, has depleted 
δ13C. Isotopic measurements were conducted on whole rock samples from cuttings in organic-
rich rocks, rather than from selected carbonate grains or individual bioclastic fragments resulted 
in, light carbon readings (-8.77‰ and + 0.95‰). The lower Vaca Muerta Fm. thus probably 
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The Neuquén basin, located between Chile and Argentina, has been explored for many 
decades as a conventional petroleum system. Hydrocarbon exploration in the basin started in the 
1920’s after Yacimientos Petroliferos Fiscales (YPF) was formed. Moreover, it is a newly 
proven unconventional basin, but has been relatively underexplored from that perspective. The 
Vaca Muerta Formation is a rich hydrocarbon-bearing resource, with technically recoverable 
reserves estimated at 16.22 billion barrels of oil and 307.7 Tcf of gas (U.S. Energy Information 
Administration, 2013). Recent technological advances potentially make the Vaca Muerta 
Formation a productive unconventional play where, in order to reach economic production rates, 
it must be exploited through horizontal drilling and hydraulic fracturing completion techniques. 
This new era of unconventional exploration in the Vaca Muerta Formation leads to the need for 
relevant geological studies that use multi-disciplinary techniques that combine methods not 
traditionally used in conventional reservoir exploration. 
Increasing interest by the oil and gas industry in the unconventional play of the Vaca 
Muerta Fm., has encouraged the scientific community and the industry to combine efforts to 
better characterize the Formation. The Colorado School of Mines (CSM) Vaca Muerta 
Consortium was formed in 2012 to address specific scientific and industry driven engineering 
and geological matters.  
The work of this dissertation is focused on a rigorous and detailed reservoir 
characterization of the PLU.Nq.lje.1010 core from the lower Vaca Muerta interval.   The study is 
then expanded to additional wells from the vicinity: Medano de la Mora x-1, Bajada del Palo x-3, 
Jaguel del Rosauros x-1, Puesto sin Nombre x-1. The aim of this research is to generate the first 
detailed chemostratigraphic chart that is then expanded on a regional basis through well-to-well 
correlations.  Vertical variability of different elemental and isotopic composition was correlated 
to characterize the areal distribution of the different facies in the Vaca Muerta Formation. 
The Vaca Muerta Formation is mainly composed of alternating black shales and marls. 
Because of the fine-grained nature of this Formation, widely used techniques in hydrocarbon 
exploration (e.g., wireline log petrophysics) are combined with additional methodologies to aid 
in understanding of these lithologies. Such techniques include correlation based on stable carbon 
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isotope and elemental chemostratigraphy. Although they have been extensively used in other 
domains, their application for unconventional hydrocarbon exploration has only developed in 
recent years.   
The time-transgressive nature of the Vaca Muerta Formation is correlated by using a 
sequence stratigraphic approach, where older units to the east prograde into younger strata to the 
west and northwest. Although regional sequence stratigraphic studies have been conducted in the 
basin using seismic profiles and well data (e.g., Legarreta and Gulisano, 1989; Mitchum and 
Uliana, 1985; Aguirre-Urreta, 2001), no chemostratigraphic subdivisions and correlations have 
been published for the Vaca Muerta Formation. Ultimately, these chemostratigraphic units can 
be interpreted within a smaller-scale, high-frequency sequence stratigraphic framework. 
This dissertation is organized as a compilation of three journal-articles style documents 
(Chapter 2, 3, and 4) each of which contains their own list of cited references. Chapter 5 
encompasses general conclusions for this dissertation and future recommendations. Chapter 2 
addresses the micro- to nano-scale pore characterization in the lower Vaca Muerta Fm.. Chapter 
3 addresses the characterization of calcite-filled bedding-parallel and sub-vertical microfractures 
in lower Vaca Muerta Fm., and the timing of formation, cementation and hydrocarbon 
generation. Chapter 4 addresses the elemental and isotopic chemostratigraphic variabilities in the 
Vaca Muerta Formation, and their correlation in a high frequency sequence stratigraphic 
framework. Lastly, Appendix A contains the pore and size distribution from QEMSCAN 
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MICRO-TO NANO-SCALE PORE CHARACTERIZATION OF THE LATE 
JURASSIC-EARLY CRETACEOUS VACA MUERTA FORMATION, NEUQUEN BASIN, 
ARGENTINA 
This chapter addresses the characterization of pore types based on field emission 
scanning electron microscopy (FE-SEM) and QEMSCAN technology and the micro- and 
nanoscale attributes of the Vaca Muerta reservoir in this part of the Neuquén basin. 
2.1 Abstract 
This study characterizes the pore types and their distribution in the Vaca Muerta 
Formation, Neuquén basin, Argentina. This mudrock formation is characterized by the 
distribution of nano- to micrometer scale pore sizes. Thermal maturity of the Vaca Muerta 
Formation is mainly associated with burial depth, and it increases from east to west in the basin. 
In association with this concept, vitrinite reflectance values in the eastern portion of the basin, 
from where the data were collected, correspond to the early oil generation window (Ro ~0.8%). 
The organic matter richness from source rock analysis data have values up to 9.5 wt%. 
A scanning electron microscopy (SEM) study was conducted to determine mineral 
compositions, grain assemblages, morphology, organic content and distribution, and porosity.  
Samples were argon ion-milled to obtain a flat surface for pore observations and to avoid 
misinterpretations of void space generated by plucked grains. SEM observations allowed for 
characterization of the micron to nano-scale pore types. Mineral composition maps from 
QEMSCAN observations provided spatial distribution and relationships among mineralogy, 
organic matter, and porosity for pores larger than 1.5 μm.  
Interparticle and intraparticle porosity are ubiquitous throughout the samples. 
Interparticle pores are common around rigid detrital grains, like quartz and feldspar, and within 
detrital clay platelets. Porosity within authigenic clay cements is included, as framework porosity 
and samples may contain up to a maximum of 30% clay. Partial grain dissolution resulted in 
available intraparticle pore space. Organopores are the least abundant pore types at this location. 
These intraparticle organic matter pores are directly related to thermal maturation of the Vaca 
Muerta Formation. Core porosity and permeability measurements support observations from 
SEM where interparticle and, to a lesser degree, intraparticle pores contribute to the flow paths in 
the lower Vaca Muerta Fm. Organically richer intervals in the core correlate with the lowest 
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average porosity and permeability values, meaning organopores are almost absent or that they do 
not contribute substantially to the overall porosity. A detailed characterization of the pore type 
and distribution is important to assesing the impact of each pore type to the overall pore volume 
in the Vaca Muerta Fm.  
2.2 Introduction 
A detailed characterization of pore types and their distribution in mudstone reservoirs is 
is critical to quantififying the overall pore volume. Such examinations can improve the 
understanding of storage capacity and the potential for fluid flow during hydrocarbon 
production.   Different pore types can also influence geomechanical properties relevant to 
wellbore stability and hydrofracturing, as addressed by Slatt and Abousleiman (2011).
A combination of economic interest in shale reservoirs in recent years coupled with 
technological advances has led to a more complete characterization of micrometer to nanometer 
scale features in mudrocks. Recent applications of FE-SEM on argon ion-milled samples have 
enhanced the ability to study mineralogy, texture, fabrics, and especially the pore distribution on 
mudrocks through secondary electron imagining, backscatter electron imaging, and energy-
dispersive x-ray analysis. These techniques have revealed details and spatial relationships that 
were formerly difficult to observe. Quantitative analysis of mineralogy through scanning electron 
microscopy (in this study, the QEMSCAN instrument), yields mineralogy and porosity maps that 
document the interrelation between mineralogy and pore-type distribution.   
As described by Loucks et al. (2012), there are three distinct pore types relevant to 
nanometer- to micrometer-scale pore networks of mudrocks: (1) matrix-related interparticle 
pores, (2) matrix-related intraparticle pores, and (3) organic matter-hosted (intraparticle) pores. 
Much of the initial matrix-related interparticle and intraparticle porosity is lost during burial 
through mechanical compaction and chemical diagenesis. Additionally, authigenic cement 
precipitation (e.g., clays and other mineral overgrowths) decrease the primary porosity. Organic 
matter-hosted pores are related to the onset of organic matter maturation. It has been argued that 
thermal maturity and type of organic matter are responsible for the creation of pores within 
organic matter (Curtis et al., 2012; Loucks et al., 2012).   
The objectives of this study are to document the types, abundance, and distribution of 
pores in the lowermost Vaca Muerta Formation. To do so, argon ion-milled samples observed on 
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FE-SEM were combined along with porosity and mineralogy scans from QEMSCAN. 
Additionally, these observations are further compared to laboratory porosity and permeability 
measurements. The specific objectives are (1) to determine the most abundant pore type, (2) to 
discuss the presence of organic matter-hosted pores, and (3) to examine the utility of different 
techniques for the study of mudrock porosity.  
2.3 Geologic settings 
The Neuquén Basin of West-Central Argentina is located east of the Argentinean and 
central Chilean Andes, between latitudes 36°S and 40°S in northern Patagonia (Figure 2.1). The 
triangular-shaped basin is bounded by the Sierra Pintada to the northeast and the North 
Patagonian Massif to the southeast. 
The Vaca Muerta Formation is mainly composed of alternating black shales and marls. It 
consists partly of dark, organic basinal shales. The diachronous nature of this formation is 
reflected by the presence of early Tithonian shales in the eastern areas, with progressively 
younger Valanginian shales towards the west (Mitchum and Uliana, 1985). The Lower Vaca 
Muerta interval is a significantly organic-rich unit that is the most prolific source rock in the 
Neuquén basin (Mitchum and Uliana, 1985). This formation is now being studied and targeted as 
reservoir rock, and it is therefore considered an unconventional resource play. 
Kerogen type in the Vaca Muerta Fm. is primary marine Type II, but in restricted to 
marginal areas it may also locally be Type II-S (Legarreta and Villar, 2011).  Thermal 
maturation of the Formation mostly is related to burial (Parnell and Carey 1995), and locally to a 
lesser degree by heat advection from magmatic intrusions (Rodrigues et al., 2009).  Maturation 
occurred between Late Cretaceous and Eocene times.  Maturity of the Vaca Muerta Formation 
increases from east to west in the Neuquén basin. Vitrinite reflectance (Ro) values of 0.6 and 
1.5% correspond to the oil window for a majority of the basin (Rodrigues et al., 2009), and 















Samples used in this study come from a 18.20 m (59.71 ft) long core from well 1010. The 
thickness of The Vaca Muerta Formation varies between 30-1200 m in the depocencer 
(Rodrigues et al., 2009). The thickness of the formation in the study area is 108 m thick. The 
studied core is representative of only the lowermost interval of the Formation (Figure 2.2).  
 
 
Figure 2.1. (1) Thermal maturity map of the Vaca Muerta Formation displaying oil, gas, and 
wet gas and condensate windows. The red star highlights the location of the studied well in the 
early oil window (modified from Legarreta and Villar, 2011). (2) Location of the Neuquén 























Figure 2.2. Location at depth of the 1010 core (18.20 m) in the lowermost Vaca Muerta 
interval shown on the gamma-ray (GR) type log (left). Detailed image of the 1010 core 
displaying GR, TOC, core photo, facies description, and location of the argon ion-milled 




The approach for this study is based on (1) core and petrographic thin section 
descriptions, (2) FE-SEM analysis of argon ion-milled samples, and (3) study of mineralogy and 
porosity distribution using QEMSCAN instrumentation.  
2.4.1 Optical microscopy 
Optical microscopy was used for facies descriptions and for larger feature identifications. 
For this purpose, a Leica DM 2500p optical microscope was used.  Samples corresponding to 
core depths between 3094.6 and 3112.1 meters from the PLU.Nq.1010 (1010) well were 
analyzed. Samples were collected at a two-foot interval for petrographic thin-section preparation. 
Twenty-seven thin sections polished to 30 micrometers and half stained with alizarin red solution 
to indicate the presence of calcite were prepared at Colorado School of Mines. An additional 
eight prepared by Wagner Petrographic were polished to 20 micrometers and stained with epi-
fluorescent dye. 
2.4.2 Field emission scanning electron microscopy (FE-SEM) 
Field emission scanning electron microscopy (FE-SEM) combined with argon ion-milled 
samples provided optimum results for micro- and nanoscale attributes observation. 
2.4.2.1 Sample preparation (Argon Ion-milling) 
Polished thin sections can have surface topographic irregularities because of differential 
hardness of components, making thin sections inadequate for pore identification using SEM-
based techniques (Loucks et al., 2009). To avoid misidentifying plucked grains as pores, the 
samples were prepared using ion-milling techniques.  
Representative Vaca Muerta samples were prepared for ion milling and imaging from the 
1010 core. A total of 20 samples were prepared for the FE-SEM.  Ten of them were cut with the 
aid of a vise to obtain a freshly cut surface perpendicular to bedding. The other ten were argon 
ion-milled on a JEOL IB-09070CP cross section polisher for 10 hours (Figure 2.3a). Argon-ion-
beam milling produces surfaces showing only minor topographic variations unrelated to 
differences in hardness of the sample but, rather, to slight variations in the path of the Argon-ion 
beam (Loucks et al., 2012). Argon-milled surfaces reduce electron scattering effects associated 
with 3-D surfaces and thus improve BSE images to interpret the composition of mineral grains, 
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cements, and organic matter (Spain and McLin, 2013).  This technique allows for description and 
quantification of pores in two dimensions. The milled area is approximately 1.5 x 0.5 mm, a 
significantly small area (Figure 2.3b). Although representative areas of the milled surfaces were 
targeted for examination, sample bias may exist toward areas with significant number of pores. 
However, nanometer- to micrometer-sized pores may be properly observed.  
Curtaining, which is typically expressed as flaring structures associated with minor relief, is 
generally only a minor annoyance in photomicrographs; it is easily identified and presents no 
major problems for pore identification (Loucks et al., 2012) 
The fresh-surface samples and the ion-milled samples were mounted on SEM sample holder 










2.4.2.2 Sample imaging on FE-SEM 
A JEOL JSM-7000F FESEM and an EDAX Genesis EDS were used for sample 
observation and imaging. The ion-milled samples were imaged using accelerating voltages of 9 
to 10 kV and a working distance between 5 and 7 mm.  Secondary electron images (SEI) were 
obtained to observe topographic variations (e.g., depressions caused by pores) and backscattered 
electron images (BSE) were acquired to better delineate compositional boundaries. Energy 
Figure 2.3. (A) JEOL IB-09070CP cross section polisher.  (B) A straight cross sectional plane 
formed within a parabola shape milled area; pencil for scale.  
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dispersive spectroscopy (EDS) of the grains enabled mineral identification. Secondary electron 
images are useful to analyze the texture, fabric, and morphology of the grains, matrix, and 
cements. Bright areas reflect high secondary electron intensity and dark areas reflect low 
secondary electron intensity (including pores). Argon ion-beam milled samples will display 
minimal topographic relief with SEI images due to surface rugosity removal. BSE images help 
identify several minerals based on their grey scale brightness, where high-density (correlated to 
atomic number) minerals provide high electron intensities (Camp et al., 2013). High-density 
minerals, like pyrite and apatite, exhibit as white and light grey in the greyscale.  Calcite, 
kaolinite, and feldspars display low greyscale contrast. The low density of organic matter will 

















The QEMSCAN is a fully automated SEM-based analysis system that provides 
quantitative mineralogical and textural data on the basis of automated point counting. Analyses 
were performed with a Carl Zeiss EVO 50 scanning electron microscope (SEM) equipped with 
four Bruker X275HR silicon drift x-ray detectors. These four energy dispersive x-ray 
spectrometers (EDS) collect simultaneous x-ray data from the sample, which  are then integrated 
Figure 2.4. Backscatter and secondary electron images of a general view of the lower Vaca 
Muerta Fm. (a) Backscatter image depicting mineral compositions based on greyscale.  (b) 
SEI image displaying topographic relief of the mineral grains and matrix. Same field of 
view as (a). 
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and used for mineral and compound identification. The automated stepping of the electron beam 
across the samples by the iDiscover software package was conducted at 2 μm step size. At each 
pixel, the system collects both a BSE signal and an EDS spectrum. Mineral or phase 
identification is made on the basis of the BSE value and elemental intensities. The QEMSCAN 
provides quantitative mineralogical and textural data, false-color mineral maps, and robust 
statistical data that can be used to quantify mineralogy and porosity. 
The types of scans conducted on the instrument for two samples were mineralogy, 
porosity, and organic matter scans. The first provided x-ray maps of specific elements. The latter 
two produced full false-color images of samples. Organic matter was identified based on carbon 
and sulfur intensity peaks. Porosity measurements are based upon void spaces equal to or larger 
than 1.5 μm. The accelerating voltage and the specimen current for the scans were 15 kV and 5 
nA, respectively. Two different areas of 1x1 mm2 and 500x500 μm2 were scanned per sample.   
2.5 Results 
The results from optical petrographic microscopy, field emission microscopy and, 
QEMSCAN analyses are displayed in the following section.   
2.5.1 Matrix  
Based on petrographic and XRD data and observations from the 1010 core, the lower part 
of the Vaca Muerta Fm. is classified as a siliceous mudstone or marlstone, depending on the 
carbonate content (Figure 2.5), consisting of black to dark gray shales with micro-laminations 
and scarce bioturbation.  Laminae are the result of deposition of organic-rich material 
(bituminous mudstone) and fecal pellets compacted and aligned with the long axes perpendicular 
to the overburden pressure. The binding material is a clay and calcite-rich matrix.  
The matrix of these rocks is composed of a dull-looking sediment with clay-sized crystals 
of detrital calcite (i.e., micrite). In general, these lithologies are fossiliferous wackestones with a 
random distribution of grains (e.g., detrital components and peloids) and bioclasts. Also present 
























2.5.2 Grain characterization 
Samples from the 1010 core from Loma Jarillosa Este area contain both detrital and 
authigenic/diagenetic components. Detrital grains are predominantly quartz, feldspars, and less-
common micas. Detrital quartz grains are characterized by their angular shape, grey color, and 
undulose extinction under crossed polars. Silt-sized quartz is present throughout all the thin 
sections.  Biogenic components include foraminifera, radiolarians, bivalve molluscs, 
brachiopods, echinoderms, sponge spicules, and fish bones (Figure 2.7). An ammonite is 
preserved in the core. Peloids are abundant. 
 
Figure 2.5. Ternary diagram displaying mineralogy data from XRD for 21 samples 
from the lowermost Vaca Muerta interval. Samples containing between 30 to 70% 
carbonate are defined as marlstones. Mudstones contain less than 30% of carbonate 
minerals. Lowermost Vaca Muerta samples vary in clay, carbonate, quartz and feldspar 















Authigenic/diagenetic phases are represented by a variety of clay minerals (kaolinite, 
chlorite, and illite; Figure 2.8), replacement calcite, framboidal pyrite, minor feldspars, and silica 
and carbonate cements. Dolomite is present (XRD) in the lower part of the core, and authigenic 
dolomite crystals were identified through SEM analysis.   
Figure 2.6. Photomicrographs of the lower Vaca Muerta Formation. (a) Sample consist of 
scattered detrital quartz grains, elongated peloids, bioclastic fragments, and a recrystallized 
matrix with clays and organic matter.  Plane polarized light.  Scale 100 μm (b) Quartz-rich 
layers alternating with recrystallized micrite, with embedded phosphate nodules, fish 
scales, and pellets. Plane polarized light. Scale 100 μm (c) Clay and micrite-rich laminae 
with wavy appearance resulting from compaction around bioclasts (echinoderm and 
bivalve grains), along with peloids and organic components. Cross-polarized light. Scale 1 

















Different size fractions are characterized by different grain types. Bioclastic grains have 
variable particle sizes depending on the organisms. Silt-sized particles (4 to 62.5 μm) are 
composed of detrital components such as quartz, micas, feldspars (both K-feldspar and 
plagioclase), pyrite, and intrabasinal grains like peloids and bioclastic fragments (forams, 
radiolarians, etc.). The clay-sized fraction (< 4 μm) is composed of quartz, nannofossils, and 
predominantly clay minerals such as illite, chlorite, and kaolinite (from XRD analysis).  
Figure 2.7. Photomicrographs of the biogenic components in the lower Vaca Muerta 
Formation. (a) foraminfera. Plain polarized light. Scale 100 μm (b) Calcite replaced 
radiolarian. Cross-polarized light. Scale 50 μm (c) Nannofossils. Plain polarized light. Scale 
100 μm. (d) Sponge spicule. Plane polarized light. Scale 200 μm. (e) Fish bone. Plain polarized 
light. Scale 200 μm. (f) Bivalve.  Plain polarized light. Scale 200 μm. (g) Brachiopod. Plain 
polarized light. Scale 1 mm. (h) Ostracod. Plain polarized light. Scale 200 μm. (i) Echinoderm. 
Plain polarized light. Scale 50 μm. 
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Kaolinite characteristically forms as discrete crystals that fill available pore space. Illite is 
present as both pore-lining or pore-bridging phases.  Authigenic chlorite can occur in any of the 
three types of phases. Mineralogical analyses (XRD and QEMSCAN) from the Vaca Muerta 
core identified illite and illite/smectite to be the most abundant clay type, followed by authigenic 
kaolinite. Chlorite is the least abundant clay type within the samples (Table 2.1 and 2.2).  
2.5.3 TOC and thermal maturity 
Organic matter richness (Total Organic Content values derived from Source Rock 
Analyzer) in the lower Vaca Muerta Formation is between 1.75 and 9.62 wt. %, with an average 
value of 5.98 wt.% in the 1010 core. Thermal maturity of the Vaca Muerta Fm. in the study area 
is within the oil window with a vitrinite reflectance value of 0.8%. From a general standpoint, 
thermal maturity of the Vaca Muerta Formation increases towards the west of the Neuquén 
basin, where the Formation experienced deeper burial.  Maximum temperature (Tmax) values 
from source rock analysis data (SRA) cluster between 426.7°C and 447.1°C   with an average 
value of 442.8°C.  
2.5.4 Pore types 
There is significant need for porosity description as part of the unconventional reservoir 
characterization in the Vaca Muerta petroleum system. Hydrocarbon production in mudrocks is 
commonly related to matrix-related nano- and micrometer size pores. This part of the study 
consists of a classification of mineral-matrix types, the organic matter pores, and variability of 
the pore networks in the Vaca Muerta Formation. 
Organic matter characteristics and distribution vary throughout the samples and the 
organics are present in a variety of particle types. (1) Organic matter displays sharp, linear or 
curved edges, (2) it can exist in discrete particulate form, and (3) it is present as continuous and 
homogeneous fabrics filling intergranular spaces. 
According to Loucks et al. (2012), many mudrock pores commonly range from a few 
nanometers to several micrometers in diameter. These authors developed a well-defined 













Figure 2.8. SEM images of authigenic clay types in the Vaca Muerta Formation. (a) 
Pore-bridging, randomly oriented illite cement. (b) Pore-lining chlorite (dark phases). 
(c) Pore-filling kaolinite cement. (d) Close-up image from Figure 7c of the stacked 
hexagonal kaolinite crystals within visible pores. (e) QEMSCAN image showing 
distribution and area % of illite-smectite, kaolinite and chlorite 
18 
 
Table 2.1. Clay type and percentage (wt. %) per sample from XRD. 
Sample 
ID Sample depth Smectite Illite/Smectite (I/S) Illite+Mica Kaolinite Chlorite 
Total 
Clay 
M1 3094.4 2 18 10 1 1 32 
M2 3095.48 2 22 6 1 1 32 
PPL 1-5 3095.65 
  
20 0 5 25 
M3 3096.49 1 14 18 2 1 36 
M4 3096.83 2 15 20 1 1 39 
PPL2-5 3098.79 
  
20 0 <5 24 
M5 3099.74 1 7 13 1 1 23 
M6 3101.12 1 16 8 1 1 27 
M7 3101.93 1 13 3 0 0 17 
M8 3102.31 1 14 16 1 1 33 
PPL 3-5 3103.75 
  
13 0 <3 16 
M9 3103.89 1 8 13 1 0 23 
PPL 4-5 3105.31 
  
20 5 0 25 
M10 3105.42 0 7 15 2 1 25 
M11 3106.44 1 10 14 3 3 31 
M12 3107.56 1 6 14 1 1 23 
M13 3109.32 0 3 4 0 0 7 
PPL 5-5 3110.02 
  
30 8 0 38 
M14 3110.41 1 9 13 2 1 26 
PPL 6-5 3111.7 
  
17 5 0 22 




Table 2.2. Clay type and percentage (area %) per sample from QEMSCAN  
Analysis  Sample ID Illite-Smectite Kaolinite Chlorite Total Clay 
QEMSCAN 3095.12 9.98 0.72 0.48 11.18 
 
3097.20 1.82 3.33 0.03 5.18 
 
3101.05 6.14 0.3 0.03 6.47 
 
3102.65 11.94 1.5 0.11 13.55 
 
3106.35 1.74 4.78 0.08 6.60 
 






The term “nanopore” is used for pore diameters less than 1 μm (1000 nm) and greater than or 
equal to 1 nanometer. The term “picopore” is for pores less than 1 nm in diameter. Micropores 
are 1.0 to less than 62.5 μm, mesopores range from 62.5 μm to less than 4 mm, and macropores 











The origin of pores can be primary/depositional or secondary/diagenetic (dissolution). 
Pores and associated pore networks are also partly a function of original matrix mineralogy, 
fabric (arrangement of grains), texture (size and sorting of grains), and organic matter 
composition (Loucks et al., 2012). 
Mudrock pores contain interparticle (between particles; intergranular and intercrystalline) 
and intraparticle pores (within particles; e.g., pores within fossil structural elements). In addition, 
Figure 2.9. Pore-size classification for mudrock pores highlighting the pore diameter range 
encountered in the analyzed Vaca Muerta samples (Modified from Loucks et al., 2012) 
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a third type of pores is common to mudrocks: organic matter pores. These intraparticle organic 
matter pores are directly related to thermal maturation (Jarvie et al., 2007). 
According to studies in the Barnett and Woodford shales, porosity can be restricted to 
different forms and places such as clay floccules and fecal pellets (Slatt and O’Brien, 2011).  The 
Eagle Ford shale is a calcite and organic-rich (5.3 %TOC) formation, characterized by a complex 
pore system where interparticle pores are the most common nonorganic pore type, and these 
typically occur between coccolith fragments (Jennings and Antia, 2013).   
Described in the following section are pores present in the Vaca Muerta Formation. 
Following the classification by Loucks et al. (2012), these pores consist of matrix-related 
interparticle and intraparticle pores and organic matter-hosted pores (organopores). Figure 2.10 
depicts the evolution of a potential porosity system for Type II (oil-prone) organic matter-rich 
mudstones from immature through the oil window and into the shale gas window (Bohacs et al., 
2013). The Vaca Muerta Formation, with a maturity corresponding to the early oil window, has 
interparticle, intraparticle, intercrystalline and rare organic matter-hosted pores.   
2.5.4.1 Interparticle pores 
Interparticle pores refer to the pore type occurring between particles and grains.  In 
mudrocks, interparticle pores may exist between clay particles, analogous to intergranular pores 
in sandstones, but in clay-rich rocks, they are much smaller, due to the smaller grain size (Passey 
et al., 2010). In old, deeply buried rocks, interparticle pores are typically reduced in abundance 
and size through physical compaction from overburden stress and cementation. During burial, 
ductile grains (e.g., detrital clays, organic matter, and peloids) will tend to occlude primary 
interparticle porosity, and rigid grains (e.g., detrital quartz, calcite, feldspars and bioclastic 
fragments) will provide shelter for the interparticle pores to remain open.  
Interparticle pore space may be partially or completely reduced by precipitation of 
diagenetic/authigenic cements such as clays, pyrite, and calcite. Organic matter may also migrate 
to, and occupy, this void space. 
Interparticle pores are the most ubiquitous pore type within the Vaca Muerta samples in 
this study. They are scattered and show no preferential orientation throughout the samples 
(Figure 2.11c) with a few exceptions (Figure 2.11b). Larger pores (up to 15 μm) are concentrated 
around rigid grains (Figure 2.11a, d, e and f); they may even bend around the rigid grains (Figure 
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Many of these pores are primary in origin (Loucks at al., 2012). Some elongated pores 
may connect smaller interparticle pores. From SEM observations, most interparticle pores have 
sizes in the few hundred nanometer size range, but can vary between 100 nm and 2 μm. 
Exceptionally large pores concentrated around rigid grains can be 5 to 10 μm in size. Pore size 
distribution, as evaluated through QEMSCAN analysis, indicates that the greatest pore 
abundance of interparticle pores to be in the <2 μm range (note, however, that the instrument 
does not resolve pores smaller than about 1.5 μm).  






















Figure 2.10. Summary diagram of the evolution of various pore types as a function of 
thermal maturity for Type II (oil prone) kerogen. Interparticle and intraparticle pores 
persist through much of the entire maturity range, but will depend on the degree of 
diagenetic cementation. At very high maturities, organic-hosted pores can occur in 
kerogen and pyrobitumen.  The Vaca Muerta Fm. in this study is present in the early oil 
window. (Modified after Bohacs et al., 2013) 
22 
 
Interparticle pores can also occur between compacted clay platelets. This pore types, 
within clay sheets that originated from flocculates, are generally linear and are parallel to one 
another (Figure 2.11g). Intraparticle pore sizes between clay floccules range between one and a 
few micrometers.   
2.5.4.2 Intercrystalline pores 
Intercrystalline pores in this research refer to voids between individual authigenic 
crystals. They are commonly encountered between authigenic clay crystals (e.g., chlorite and 
kaolinite) and pyrite framboids.  Authigenic cements are commonly surrounded by larger detrital 
grains or bioclastic fragments. The void space left sheltered by the larger grains (i.e., quartz, 
calcite, and feldspar) may be partially filled with authigenic cements during burial that will then 
produce the intercrystalline porosity. 
Triangular and elongated intercrystalline pores between authigenic clay minerals provide 
void space. The size of the pores varies between 0.5 and 8.0 μm.  These intercrystalline pores 
may remain open or be later filled by organic matter (Figure 11a). Intercrystalline pores between 
calcite crystals were observed along calcite-rich laminae (Figure 11b). The size of these angular 
pores varies between 2 μm and 10 μm. Intercrystalline pores between authigenic kaolinite 
crystals tend to be elongated in shape and range in size between 1 and 7 μm (Figures 2.8 and 
2.12).  Angular and spherical pores with sizes ranging from a few tens of nanometers to 0.5 to 
1.0 micrometers are present between authigenic chlorite crystals (Figure 2.12c, 2.12d). 
Intercrystalline pores within framboidal pyrite vary in size (nano- to picopore) depending upon 
the size of the framboids and their angularity (Figure 2.12e).  
2.5.4.3 In traparticle pores 
 Intraparticle pores are intragranular pores encountered within particles. Although some 
of these pores are primary in origin, many are probably diagenetic (Loucks et al., 2012). Partial 
dissolution of coccolith plates provides void space in the inner part of the fragment (Figure 2.13). 
Porosity creation may be to the result of complete (Figure 2.14a) or partial dissolution of the 
precursor grain (e.g., Figure 2.14b). Intraparticle pores are less abundant than the interparticle 
pores. Detrital grains, such as biotite, may experience partial dissolution and provide intraparticle 




































Figure 2.11. SEM images of elongated, angular and spherical interparticle pores. (a) 
Angular and elongated interparticle pores around quartz grains. Large elongated pores can 
connect adjacent interparticle pores. (b) Angular, elongated and spherical interparticle 
pores scattered throughout the sample. (c) Mainly angular interparticle pores scattered 
throughout the sample. (d) Interparticle pores accumulated along a detrital, quartz-rich 
layer. The pores surround nearly all the quartz grains. (e) Interparticle pores surrounding 
detrital quartz grains that were later filled with authigenic chlorite cement. (f) Enlarged 
image from 10e of a detrital quartz grain. Note spherical shape of partially-chlorite-filled 
pores. (g) Interparticle pores between detrital clay platelets (*) filled with organic matter 

































































Figure 2.12. SEM images of intercrystalline pores. (a) Authigenic clay cement occupying 
original interparticle space. Note it is surrounded by larger detrital calcite grains. 
Intercrystalline pores have been filled with organic matter. (b) Reworked and recrystallized 
calcite layer. Intercrystalline pores between calcite crystals. (c) Intercrystalline pores 
between authigenic chlorite crystals sheltered by a large detrital quartz grain. (d) Higher 
magnification view of the intercrystalline pores of 11c between the chlorite crystals. (e) 
broken surface sample type with  framboidal pyrite.  Visible intercrystalline pores occur 



















grains, phosphate-rich fish scales, and internal parts of coccoliths provide the intraparticle void 
space in the Vaca Muerta Formation. 
Intraparticle pores along calcite crystal rims are most likely formed by partial dissolution 
of carbonate crystals. Figure 2.14f shows a partial dissolution of the lower part of the euhedral 
calcite crystal. Partial dissolution of the inner portion of the plate can provide pore sizes of up to 
1 μm. Intraparticle secondary porosity within detrital calcite grains varies from 2 to 5 μm in 
diameter and displays spherical shapes (Figure 12e). Partial dissolution of feldspar grains can 
generate intraparticle pores ranging from a few tens of nanometers to 2-7 μm (Figure 12d).  
Figure 2.13. a) SEM images of migrated organic matter (white arrows) b) Higher 
magnification view of migrated organic matter filling the remaining of a partially 
cemented interparticle pore space. Organic matter pores are absent. c) Higher 
magnification view of partially dissolved inner part of a coccolith plate filled with 




















Figure 2.14. SEI images of intraparticle pores created due or partial or complete dissolution. 
a) Rim of a completely dissolved precursor grain (white dashed line). Dissolution pore was 
later filled with authigenic kaolinite cement with related intraparticle porosity.  b) Partially 
dissolved phosphate-rich fish debris with intraparticle porosity. c) Partially dissolved biotite 
grain with intraparticle pores. It is surrounded by a significant amount of framboidal pyrite. 
Due to the partial dissolution of the biotite grain, the released iron was probably the source 
for the pyrite. Interparticle pores are present between the biotite grain and the pyrite. 
Intercrystalline pores are present between individual pyrite crystals within the framboids.  All 
loosely packed and most tightly packed framboids had intergranular (intercrystalline) 
porosity that contains organic matter. d) Broken surface sample type depicting nanometer 
scale dissolution pores on a feldspar grain. e) Broken surface sample type with micrometer 
size dissolution pores on the surface of a detrital calcite grain. Scope magnification 2000X f) 
Calcite crystal with partially dissolved crystal rim. The void space was later filled with 
organic matter. (g) Partially dissolved detrital plagioclase grain. (h) Higher magnification 


























The shape of these pores is mainly spherical but they are also present with more elongated and 
angular shapes.  Larger dissolution pores may later be filled with organic matter (Figure 2.14f, g, 
h). 
2.5.4.4 Organic matter pores (Organopores) 
Organic matter pores are intraparticle pores encountered within the organic matter. This 
type of pore has been documented in numerous mudrock systems, including the Barnett, Eagle 
Ford, Pearsall, Kimmeridge, Marcellus, and Woodford Formations (e.g., Ruppel and Loucks, 
2008; and Loucks et al., 2009; Sondergeld et al., 2010). In a 2-D cross-sectional view, organic 
matter pores appear to be isolated. However, focused ion beam (FIB) studies by Ambrose et al. 







Organic matter pores tend to be at the nanometer scale, ranging from several nanometers 
to half a micrometer. They tend to be spherical to elongated in shape. Driskill et al. (2013)
concluded spherical-shaped organic matter pores typically have formed in the oil window. These 
pores show smooth, curved concave surfaces facing the pore interiors. They commonly appear 
isolated in two dimensions but they display connectivity in three dimensions (Loucks et al., 
2012). Porosity within a single organic matter particle can range from 0 to 40% (Loucks et al., 
2009; Loucks et al., 2012) and may reach 50 % (Curtis et al. 2012). In this study, porosity 
Figure 2.15. Discrete organic matter particle with visible intraparticle pores at the 1010 
core at 3108.10m core depth.  
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determined from point counting for samples 3106.35 and 3107.70 correspond to 11.5 and 10%, 
respectively. An isolated organic matter particle also displayed significant organopores at the 
core scale (Figure 2.15).  Organic matter filling intercrystalline pores between pyrite framboids 
may also display organopores. These pores are tens to a few hundred nanometers in diameter 
(Figure 2.16). It is common to encounter desiccation cracks within the organic matter; these were 
probably generated during the sampling process (Figure 2.16a).   
Importantly however, a majority of the organic matter in the Vaca Muerta Fm. in this 
study displays no pores.  Not all types of organic matter are prone to develop pores (Loucks et 
al., 2012), and thermal maturity may play a critical role in their generation (Schieber, 2010). This 
will be further addressed in the discussion. 
2.6 Discussion 
This section addresses the discussion for all the pore types identified in the lower Vaca 
Muerta Fm. and their relationship to pore distribution, connectivity and quantification. 
2.6.1 Interparticle pores 
Interparticle pores are the most ubiquitous pore type in the studied Vaca Muerta samples. 
Due to the interrelationship between interparticle and intercrystalline pores, they are included in 
the same section for discussion. 
Low porosity and permeabilities of shales and mudstones prevent rapid fluid flow 
through their pore throats; instead, the pore fluids remain in contact for longer periods with the 
mineral grains.  Because of the reactivity of the fine-grained, high surface area mineralogy of 
these rocks, they are prone to alterations by fluid-rock interactions (Baruch et al., 2015).  Due to
the high residence time of pore fluids within mudrocks, these systems act similar to a closed 
system. As a result, primary interparticle porosity is decreased through authigenic/diagenetic 
cement precipitations and partial to complete occlusion of porosity.  Figure 2.17 a, shows an 
example depicting the limit of the presumably primary interparticle pore (white dashed line), 
later filled first with calcite cement and then organic matter.   
As mentioned, primary interparticle porosity is decreased not only by mechanical 
compaction with burial, but also by cement precipitation. Authigenic clay cements, pyrite, 
calcite, and feldspar and quartz overgrowths are some examples of minerals that commonly 





















Figure 2.16. Migrated organic matter with organopores (intraparticle pores) (a, c, e). 
Schematic of the organic matter particles (b, d, f) showing the close interrelation between 
organic matter (grey) and cement (light grey). Represented in black are the pores. Pore 
size ranges between tens of nanometers and half a micrometer. Porosity within the 
organic matter determined by point counting is 10% (b), 11.5% (d), and 10% (f). (g) 
Framboidal pyrite showing intercrystalline pores filled with organic matter. h) Higher 
magnification view of the organic matter within the intercrystalline pores; here, the 
organopores are in the tens of nanometers size range.  
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significant amount of pore space (nano- to micrometer size) between their crystals (i.e., 
intercrystalline porosity).  From the XRD data, illite and illite-smectite clays are the most 
abundant clay type, followed by kaolinite (Table 2.1). Chlorite is the least common authigenic 
clay in these samples. As a note of caution, while clay type and percentage are also acquired 
from QEMSCAN analysis, the instrument is often unable to satisfactorily differentiate clay 
types, thus the XRD data are considered to be more robust for this study. 
Because of variations in crystal structure and style of filling up pore space, associated 
permeabilities will vary by orders of magnitude (Neasham, 1977; North 1985) (Figure 2.18). The 
lowest permeabilities (<1 md) are associated with pore-bridging, illite clays, and the largest 
permeabilities (100 - 1000 md) occur with pore-filling kaolinite clays. Pore-lining chlorite clays 
are characterized by intermediate permeabilities (1-100 md). 
Calcite-rich laminae may be interpreted as reworked and subsequently recrystallized 
calcite-rich matrix. These few-millimeter thick and continuous layers not only increase the 
brittleness of the matrix but can also host significant intercrystalline porosity (Figure 2.12b). 
Commonly, the presence  of resistant silt-size grains inhibits mechanical compaction so 
that primary pores are retained (Baruch et al., 2015).  These rigid grains provide shelter for the 
interparticle pores to be preserved (Schieber, 2010). Elongated or linear interparticle pores 
(Figure 2.11g) may be interpreted as remnant space between larger clay platelets (Loucks et al., 
2012), later filled with authigenic cements and organic matter. Some of these elongated pores 
may be misidentified with shrinkage cracks, artifact created during sample preparation. 
Variations in pore abundance within these samples may be dictated by depositional processes 
and detrital input, where rigid detrital grains provide shelter for interparticle porosity to be 
preserved during burial compaction. 
 Intercrystalline pores between and among clay platelets are also known as framework 
pores (Schieber, 2013). They are defined by the distribution of phyllosilicate grains, and consist 
of triangular/angular openings defined by a latticework of randomly oriented clay mineral 
platelets. The size of these triangular pores varies between a few nanometers up to no more than 
1 μm (Figure 2.12c, d). These types of pores have probably been preserved in the stress shadow 
of larger grains (e.g., detrital quartz grains) that rigidity prevented complete compaction of the 



























Figure 2.17. SEM images of migrated and depositional organic matter (OM). (a) Pore 
lining of quartz and calcite overgrowths and cement. Remaining mineral pore space filled 
with solid bitumen with no pore development. (b) Pyrite framboid surrounded by organic 
matter. Intercrystalline pores between framboids filled with migrated organic matter (c) 
Migrated OM filling the pore space after pyrite cementation and quartz overgrowth.  (d) 
Partially dissolved phosphate-rich fish scale later filled by migrated OM. (e) Compacted 
depositional organic matter strings. (f) Compacted depositional OM between mineral 































In many samples, interparticle primary porosity is further decreased by authigenic pyrite. 
These pyrite framboids host intercrystalline pores among the individual pyrite crystals and many 
of these pores are occluded with organic matter (Figure 2.17b).   
2.6.2 Intraparticle pores 
The presence of intraparticle pores in the Vaca Muerta Formation is principally the result 
of partial dissolution of unstable minerals during burial diagenesis; thus, they are considered 
secondary pores (Schieber, 2010; Loucks et al., 2012).  Porosity may be enhanced through partial 
grain dissolution by organic acids during thermal maturation.  Most of our SEM observations 
reveal partial dissolution of the grains rather than complete dissolution, with a few exceptions. 
Figure 2.14a depicts the rim of a completely dissolved grain whose intraparticle void space was 
later filled with authigenic kaolinite cement.  
It is common to encounter partial dissolution of detrital calcite and feldspars, as well as, 
phosphatic material such as fish scales. These detrital calcite and feldspar grains are scattered 
throughout the matrix. Partial dissolution of detrital calcite and feldspars is attributed to the 
interaction between the mineral grains and organic acids during hydrocarbon migration. 
Evidence for this assumption is the presence of organic matter within some of these intraparticle 
pores (Figure 2.14g, h). Because not all dissolution pores within detrital grains are filled with 
Figure 2.18. Porosity and permeability relationship for kaolinite, chlorite and 




organic matter (Figure 2.14e, f), this may reflect restricted pore throats and a low pore 
interconnectivity of the randomly distributed grains. A net volume increase from partial 
dissolution of detrital grains contributes to the storage capacity of the rock but, may not 
necessarily translate into increased permeability. 
Other detrital grains, like biotite may undergo partial dissolution and provide additional 
secondary intraparticle pores. As a result of partial dissolution of biotite grains,  released iron 
was available for significant authigenic pyrite cement surrounding the grain (Figure 2.14c).  
Remineralization of fish scales and bones with phosphate occurs because of its high n 
situ availability within interstitial pore waters contained in the sediment. Phosphate nodules, so 
common to the Vaca Muerta Fm., also form within the sediments by diagenetic reactions 
between organic-rich sediments and phosphatic rich interstitial waters (Figure 2.6b). Partial 
dissolution of phosphate rich-fish scales (Figure 2.14b) probably took place during burial. 
Coccolith fragments can contain both primary and secondary (dissolution) pores in the 
Vaca Muerta Fm. Partial dissolution of coccolith fragments probably occurred through pressure 
solution resulting from burial compaction. In some cases, these intraparticle pores were later 
filled with organic matter during hydrocarbon primary migration (Figure 2.13).   
 
2.6.3 Organic matter and pores 
Kerogen is a ductile type of organic matter that will compact and squeeze during 
compaction with burial. This will result in the occlusion of the adjacent void pores; where this 
occurs, no mineral pore space remains available for later mineral cementation. This type of 
organic matter is present in the Vaca Muerta Fm. and it lacks organopores (Figure 2.17e,   f).    
Increase in temperature with burial is responsible for evolution of organic matter in 
sediments (Tissot et al., 1974). Thus, the transformation of kerogen into bitumen and petroleum 
occurs during thermal maturation. Solid bitumen and pyrobitumen may also be formed. Organic 
matter in the Vaca Muerta Fm. exists as either individual particles, or in continuous layers along 
laminae. The size of individual particles is typically less than 15μm (Figure 2.19). Amorphous 
organic matter is present as discontinuous laminae and patches, filling the space between mineral 
grains. The ion-milled amorphous organic matter displays a smooth surface. This type of organic 
matter lacks organopores, even at higher magnifications on the FE-SEM (Figure 2.19a, d). 















Recent studies (Bernard 2012a, 2012b; Loucks and Reed, 2014) suggest that organic 
matter pores form in kerogen, solid bitumen, and pyrobitumen.  According to Loucks et al., 
(2012), thermal maturation levels that reach vitrinite reflectance (Ro) of 0.6% and above develop 
organic matter pores. However, Curtis et al. (2012) reported the absence of organic pores in 
samples with vitrinite reflectance values up to 0.90% Ro. Although the kerogen type (Type II) 
and the vitrinite reflectance are optimum (~0.80% Ro) for the Vaca Muerta Fm., organic matter 
Figure 2.19. SEM images of types of depositional organic matter (OM). (a) Discrete organic 
matter particle with a smooth surface. No visible organopores. (b) Elongated isolated 
organic matter particle with absence of organopores. They are probably remnants of 
structured kerogen macerals. (c) Irregularly shaped, silt-sized, discrete particle of organic 
matter with a smooth, nonporous surface texture. The irregular shape suggests this is a 
remnant of a structured kerogen maceral. (d) Isolated organic matter particle with no visible 
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pores have been observed in only three samples at depths of 3106.35, 3107.70, and 3108.60 m. 
The low abundance of organopores in the Vaca Muerta Fm. could be due to (1) different type of 
macerals (Curtis et al. 2012), (2) lack of hydrocarbon potential (S2), and (3) insufficient thermal 
maturation for the Formation. The types of macerals reported for the Vaca Muerta Formation are 
amorphous, algal, herbaceous, and woody and they vary by location within the basin (Urien and 
Zambrano, 1994).  
Hydrocarbon generation potential (S2) and hydrogen index (HI) from SRA for the cored 
interval range between 10.55 and 44.17 mg HC/g rock, and 323 and 459 mg HC/g C respectively 
(Table 2.3). These values correspond to an efficient source rock with significant hydrocarbon 
generation potential. However, Kuila et al. (2014) noted that micropores and fine mesopores 
within organic matter were observed for samples with RockEval Hydrogen Index (HI) below 
100. Sample 3107.70 measured an HI value of 429 mg HC/g from SRA. HI values for samples 
3106.35 and 3108.60  (346 and 368 mg HC/g, respectively) were not taken at the same 
stratigraphic depth; they are 15 and 13 cm apart, respectively. Although HI values may not be 
from the exact depth point, they provide insight to the range of values. Thus, it appears that 
maturity of the Vaca Muerta was insufficient at this location for the organic matter to develop 
larger and more abundant organopores.   
Burial history and thermal maturation modeling for the 1010 well yielded a maximum 
temperature for the Vaca Muerta Fm. of 125°C in the early Cenozoic, at a maximum burial depth 
of 3600 m. Maturation of the Vaca Muerta source rock is primarily related to burial. According 
to this study, the Vaca Muerta Formation entered the early oil window at 68 Ma in the Late 
Cretaceous. The explanation for the absence of ubiquitous organic matter pores from modeling is 
that there has been insufficient thermal maturation. The Vaca Muerta Formation is within the 
early oil window, with calculated vitrinite reflectance values of ~ 0.80% Ro. 
Loucks and Reed (2014) established criteria to identify migrated versus depositional 
organic matter. Furthermore, they conclude that migrated organic matter host pores that mimic 
the three-dimensional distribution of the original mudrock mineral pore network, and provide 







Table 2.3. TOC, Tmax, S1, S2, and HI values measured on the 1010 core from source 












3094.40 7.45 443.4 6.26 29.68 399
3095.50 7.34 444.8 6.32 28.51 388
3096.55 1.75 443.6 2.41 2.73 156
3097.05 8.56 443.3 6.22 34.56 404
3097.65 9.62 445 5.64 44.17 459
3098.40 8.53 444.4 6.12 36.79 431
3099.70 1.57 426.7 1.65 2.56 163
3100.35 5.44 444.5 5.14 19.19 352
3100.95 6.33 443.7 5.58 21.51 340
3101.10 5.92 444.4 5.44 20.64 349
3101.64 4.59 443.3 5.44 15.49 337
3102.40 9.57 444.8 5.46 40.43 423
3103.10 7.81 444.2 4.17 30.2 387
3103.70 7.24 444.8 4.15 27.44 379
3104.20 9.49 443.9 5.34 40.01 422
3104.74 2.47 417.7 4.93 4.04 164
3105.05 8.41 443.8 5.68 34.81 414
3105.60 6.74 443.8 5.05 26.76 397
3106.50 3.37 447 2.48 11.66 346
3107.10 6.5 444.4 4.16 26.51 408
3107.70 8.06 444.2 5.3 34.56 429
3108.47 5.65 444.3 3.45 20.77 368
3109.17 4.28 443.7 2.96 13.84 323
3109.64 3.5 444.2 3.58 11.42 326
3110.52 7.35 444.2 4.57 33.59 457
3111.65 2.8 444.1 3.12 6.3 225
3111.95 3.17 447.1 1.76 10.55 333




Most of the organic matter in the Vaca Muerta Fm. is occupying spaces between matrix grains 
(intergranular), along the edge of the crystals, between clay (kaolinite, illite and chlorite) 
crystals, and between authigenic mineral (e.g., pyrite) crystals (intercrystalline) (Figure 2.17 and 
2.20). According to their criteria, most of the organic matter in the Vaca Muerta should be 
considered to be migrated organic matter. When the initial bitumen is expelled into the adjacent 
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mineral pores, it creates a continuous organic matter network (Lewan, 1987).  This is due to a net 
volume increase of the organic matter that results in a pressure differential necessary to force the
bitumen into the pores.  
Loucks and Reed (2014) presented an idealized history of organic matter pore evolution 
with increasing thermal maturity and burial, and  criteria to allow preliminary assumption of 
whether organic matter pores are associated with original depositional kerogen in place or with 
byproducts of kerogen (i.e., bitumen or oil). Driskill et al. (2013) assumed that organic matter 
filled all of the available non-mineral space in a compacting rock, prior to thermal maturation. 
This process left virtually no porosity or fluid flow pathways. Our observations in the Vaca 
Muerta samples correspond to the stage where generated bitumen is expelled from the kerogen 
and migrated into adjacent interparticle and intraparticle pores as explained by Lewan (1991).  
The cement (clay or calcite) and cement overgrowths (quartz and feldspar) precipitated in the 
void space prior to occlusion of the rest of the available interparticle pore space with organic 
matter (Figure 2.17a,  c). Evidence for migrated organic matter includes organic matter that 
postdates crystal overgrowths, indicating that crystal precipitation preceded bitumen or oil 
migration into the remaining pore (Loucks and Reed, 2014). Organic matter principally fills 
interparticle pores and to a lesser degree, it occludes intraparticle pores. Migrated organic matter 
in the Vaca Muerta Fm. is encountered within interparticle pores, pyrite and clay intercrystalline 
pores, and within intraparticle pores including detrital plagioclase grains (Figure 2.14g, h), 
partially dissolved inner core coccoliths plates (Figure 2.13), and fish scales (Figure 2.17d).
Identifiable organopores were only encountered in migrated organic matter (Figure 2.16). 
Mastalerz and Glikson (2000) defined this type of pre-oil bitumen to be generated at lower 
maturity, with migration distances into the adjacent pores being short. Migration of bitumen 
and/or oil into mineral pores prevents complete cementation of the pore during later burial 
stages. 
Some interparticle and intraparticle pores still remain open with no organic matter present 
(Figure 2.13 d, e, f). This could be due to poor connectivity when smaller pore throats are 






























2.6.4 Pore types and connectivity 
Interparticle pores are generally better interconnected; thus, higher permeabilities are 
expected due to a better pore network (Loucks at al., 2012). Figure 2.11 a and b illustrate 
interconnection of nanometer to micrometer size intergranular pores through elongated 
interparticle pores. Although intraparticle pores are generally connected to the overall pore 
system, pore throats may be smaller and fewer than those associated with interparticle pores. 
Therefore permeabilities of intraparticle pores may be smaller (McCreesh et al., 1991; Loucks et 
Figure 2.20. a) SEM images of migrated of organic matter. Py is pyrite. b) Higher 
magnification field of view from (a). Intercrystalline pores between individual kaolinite 
crystals are occupied with organic matter. No pores are visible within the organic matter. 
c) Higher magnification field of view from (a) of the migrated organic (OM) matter 
filling the interparticle pore space. Larger pores may have resulted from desiccation 
detachment of the organic matter from the surrounding particles. Possible nanometer 
scale organopores with spherical and elongated shapes.   
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al., 2012). As previously discussed, interparticle and intraparticle pores in the Vaca Muerta Fm. 
are commonly partially to completly occluded with organic matter (Figure 2.17). The occurrence 
of bitumen filling most of the observable interparticle and intraparticle pores demonstrates that 
initial pore interconnectivity allowed for hydrocarbons to migrate.  The absence of organic 
matter within partially dissolved detrital calcite and feldspar grains is related to smaller pore 
throats connecting these intraparticle pores. Organic matter pores are intraparticle pores, but they 
do not behave in the same manner in terms of connectivity and permeability. Although organic 
matter pores in a continuous organic framework can form an effective pores system and provide 
the dominant flow pathways (Loucks et al., 2012), this does not appear be the case in the study 
area due to the low abundance of these pores.  
2.6.5 Pore distribution and quantification 
Mudrocks may contain one dominant pore type or a combination of pore types. 
Understanding the distribution, abundance, and spatial interrelationships of each pore type is 
important because each type may contribute differently to permeability, leading to the need to 
understand the distribution of pores and establish their connectivity (Loucks et al., 2012). In the 
Vaca Muerta Fm., the most common pore types are interparticle pores followed by intraparticle 
pores. Organic matter pores are thus the least common at this location.  
Porosity, mineralogy, and organic matter scans on the QEMSCAN had the objective to 
show the distribution of the pores and the interrelation between pores and mineral grains. The 
size of organopores ranges between tens to a few hundred nanometers. This pore size range is 
too small for the QEMSCAN to identify the pores. A limitation of the QEMSCAN is that the 
instrument will only measure pores that are larger than 1.5 μm; thus, no organopores are 
accounted in the porosity scans.   
As shown in Figure 2.21 and 2.22, the majority of the pores are in interparticle positions, 
but intraparticle pores can also be observed. Porosity is associated with clays (intercrystalline), 
plagioclase (dissolution pores), and calcite and quartz (interparticle).  
By comparing the two analyzed samples, the deeper (3106.35) sample yields higher 
porosity values (4.01 %) than the shallower (3097.20) one (1.67%). There is a correlation 
between high content (area %) of quartz, potassium-feldspar, and plagioclase feldspar to high 
porosity values. Significant detrital grains in the deeper sample have provided a framework for 
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larger pores to be preserved during compaction. It is likely that quartz grains were incorporated 
into the Vaca Muerta Fm. from the underlying eolian Tordillo Fm. during a transgressive event. 
The difference in porosity may be related to the higher quartz, lower calcite, and slightly lower 
organic matter content measured for the deeper sample (Figure 2.21 and 2.22). As mentioned, 
most of the pores within the Vaca Muerta Fm. at this location correspond to interparticle and 
intraparticle pores; thus, samples with significant detrital quartz grains could potentially preserve 
these types of pores. However, because the QEMSCAN does not account for the organopores 
due to their small size, total porosity could be higher for both samples and especially for sample 
3097.20 with its higher organic matter content.   Identifying lamina sets with major detrital 
components with the lower Vaca Muerta Fm. can help identify intervals with higher interparticle 
and intraparticle porosity.    
Distribution of pores showing their shape and size from QEMSCAN analysis are depicted 
in Appendix A. The most abundant pore size by number of particles is in the range of < 2 μm. 
However, this pore size is almost three times as much in sample 3106.35. Scanned largest pore 
size in both samples is larger than 14 μm. A significant number of pores was registered between 
3.5 and 6.5 μm, especially in the deeper samples (Figure 2.23).   
QEMSCAN pore size distribution plots for samples 3097.20 and 3106.35 depict similar 
trends, with a bimodal distribution (Figure 2.23). Largest pore volumes are measured for pores 
smaller than 2.0 μm. Pore sizes in the 3.5 and 6.5 μm range are also volumetrically significant. 
Sample 3097.20 also shows an important pore volume percentage in the range of 6.5 to 9.5 μm.  
The large number of pores encountered in sample 3106.35 in the range of < 2 μm may be 
explained by a positive correlation between clay content and quartz content for these two 
samples. These smallest pores are probably associated with intercrystalline pores between 
authigenic clay cements precipitated within a primary interparticle pore present between detrital 
quartz grains. As described on the FE-SEM, pore size in the 3.5–6.5 and 6.5–9.5 μm ranges is 
associated with intraparticle and interparticle (dissolution) pores (Figures 2.11 and 2.13e). 
Largest pores in sample 3097.20 are probably associated with the presence of a detrital quartz 
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Figure 2.21. (a) Mineralogy, (b) porosity, and, (c) organic matter maps from QEMSCAN for sample 3097.20. Most of the pores are 
interparticle pores. Pores are associated with quartz and calcite (interparticle), kaolinite (intercrystalline), and plagioclase (intraparticle). 
No organic matter pores or pores smaller than 1.5 µm are represented by these scans. Lower porosity values are associated with lower 
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Figure 2.22. (a) Mineralogy, (b) porosity and (c) organic matter maps from QEMSCAN for sample 3106.35. Most of the pores are 
interparticle pores. Pores are associated with quartz and calcite (interparticle), kaolinite (intercrystalline), and plagioclase (intrap rticle). 
No organic matter pores or pores smaller than 1.5 µm are represented by these scans. Higher porosity values are associated with higher 





 Figure 2.23. Pore size distribution from QEMSCAN for the lower Vaca Muerta interval based on volume percent and the number of 
particles for samples 3097.20 and 3106.35.  Both samples display a bimodal distribution showing large volume percent and number of 
pores in the smallest range (< 2 μm) and between 3.5 and 6.5 μm. Measured smallest pore size is 1.5 μm. 
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Crousse et al. (2015), using the Subcritical Nitrogen Gas Adsorption technique, reported 
organic matter pore sizes smaller than 40 nm on a sample from El Trapial area in the Neuquén 
basin. These analyses were supported with SEM sample observations showing nanopores within 
organic matter particles. The median pore throat diameter for over 40 samples from a Mercury 
Injection Capillary Pressure study ranged from 5 to 12 nm. Additionally, these authors did not 
encounter organic matter porosity increase with increasing thermal maturity.  However, they 
reported higher pore sizes within organic matter particles in a more thermally mature well with 
higher TOC values (Figure 2.24). TOC values ranged between 2 and 8 wt.% in their study. They 
also found an increase in matrix pores and a decrease in organic matter pores at shallower depths 
in the studied well. So, they noted a vertical variability in pore types, and the contribution of 
matrix pores is more significant towards the top of the Formation.  
Organopores were described on three samples from the lower part of the 1010 core 
(3106.35, 3107.70 and 3108.60) on the FE-SEM (Figure 2.16). Organic matter porosity (from 
point counting) for these samples ranges between 10 and 11.5%. Our qualitative measurements 
of the organo-porosity from SEM are in the same range of pore sizes reported by Crousse et al. 
(2015); however, they are less abundant. The low abundance of organic matter pores in most of 
our analyzed samples may be due to (1) the thermal maturation of the rock corresponds to the 
early oil window, (2) the initial organic matter composition, and (3) the created porosity may 
have been lost during subsequent episodes of compaction and hydrocarbon expulsion. 
Nevertheless, considerable uncertainty remains regarding this issue. 
Maturity increase








Figure 2.24. Size of organopores increases with maturity in a deep, thermally mature zone 




Porosity and permeability measurements shown in figure 2.25 were provided by 
TerraTek for the 1010 core. Porosity was measured on crushed rock to a specific grain size and 
the grain volume was then measured with a He pycnometer. Bulk volume (BV) was determined 
on the whole rock, prior to sample crushing, through the volume displacement method, where the 
sample was immersed in mercury. Gas-filled porosity values range from 1.16 to 2.72% of BV, 
effective porosity values range between 2.35 and 4.77% of BV and total porosity values are 
between 3.52 and 6.47% of BV. The upper part of the core (3094 -3102 m) registered higher 
average values for the three types of porosity. High porosity values were again encountered at 
3109.29 m.  
Permeability values range from 0.000061 to 0.00218 md, with the highest measured 
value at 3094.4m. Permeability values mimic the porosity; highest permeability values 
correspond to highest porosity values. In general terms, variations in mineralogy are constant 
throughout the entire core interval. Thus, mineralogy is not the main controlling factor for the 
distribution of pore types at a large scale. However, it can be a controlling factor at finer scales. 
For example, laminae with significant detrital components will register a higher porosity values.  
Lower average porosity and permeability values (3102 and 3112 m) correspond to high 
measured TOC (wt.%) values and vice versa.  Since interparticle pores are the main contributors 
to the total porosity, the presence of significant organic matter decreases their occurrence 
through occlusion.  These laboratory measurements support our observations by SEM, where 
interparticle and, to a lesser degree, intraparticle pores contribute to the flow paths in the lower 
Vaca Muerta Fm. The organically richer interval in the core measured the lowest average 
porosity and permeability values. This means that either organopores are not very abundant or 
that they do not contribute significantly to the overall porosity.    
Disparity in porosity measurements can be a common issue; samples from the exact same 
vertical depths reported different values when sent to different laboratories (Passey et al., 2010).  
In our case, porosity variabilities may be due to (1) vertical variability due to sampling, and (2) 
different approaches or techniques to obtain porosity measurements. Generally, the total porosity 
measured on QEMSCAN is smaller than porosity values provided by other laboratory 
measurements.  This is because the smallest pore size measured by the QEMSCAN instrument 
will be 1.5 μm, even though nanometer-scale pores are obiously present present in these samples.  
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Samples 3097.20 and 3106.35 correspond to relatively low average porosity intervals 
with effective porosities of less than 2% (Figure 2.25). QEMSCAN reported lower porosity 
values for the shallower sample located in an organically richer interval. Porosity measurements 






















































































Quantitative data and the imagery from this study provide important insights into the 
micro- and nanoscale attributes of the Vaca Muerta reservoir in this part of the Neuquén Basin. 
The combination of SEM observation of argon ion-milled surfaces with QEMSCAN analysis 
allows a complete pore characterization in terms of pore distribution, type, shape and size, but 
only to 1.5 microns. Additionally, FE-SEM observations allow for characterization of the 
microfabrics of the matrix, the degree of diagenetic alteration, and the nature and distribution of 
organic matter.  
Figure 2.25. (A) Porosity measurements: Gas-filled, effective and total porosity logs from 
core plug measurements. (B) Permeability log from core plug measurements. Larger 
porosity and permeability values measured above 3102.00 m. (C) TOC measurements in 
wt. % from SRA. Highest porosity and permeability values correlate with lower TOC 
values (grey bars). Red stars show projected location of samples 3097.20 and 3106.35.  
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Interparticle pores are the predominant pore types within the 1010 core, taken from the 
lowermost Vaca Muerta interval. Intraparticle pores are the second most abundant pore type, and 
organic matter-hosted pores (organopores) are the least common at this location. First order 
variations in pore abundance throughout these samples are likely the result of depositional 
processes and detrital input, where rigid detrital grains provide framework for interparticle pores 
to be preserved during burial compaction. In addition, primary mineral compositions and 
diagenetic alteration processes act as primary controls over the total porosity. Primary 
interparticle pore space is largely decreased during burial compaction and authigenic cement 
precipitation. Authigenic clay cements, pyrite, calcite, feldspar and quartz overgrowths occlude 
interparticle primary macropores. However, authigenic clays and pyrite can host significant 
intercrystalline pore space. However, this nano-to micrometer size porosity may not necessarily 
be effective porosity. Partial dissolution of calcite and feldspar detrital grains by organic acids 
generated during thermal maturation enlarges overall storage capacity; however, this dissolution 
does not seem to contribute to an increase in the permeability.  Partial dissolution of the inner 
cores of coccolith plates generate intraparticle porosity, commonly filled later with migrated 
organic matter. 
Organic matter-hosted pores were described only on three samples from the lower core 
interval. These organopores were encountered within migrated organic matter (bitumen). 
Although the kerogen type (Type II) and the vitrinite reflectance are optimum (~ 0.80% Ro) in 
the Vaca Muerta Fm., development of organopores is not common at this location. The 
explanation for the absence of ubiquitous organic matter pores in our study area is the 
insufficient thermal maturation where the Vaca Muerta Formation is considered to be in the early 
oil window.  
Organic matter in the Vaca Muerta Fm. exists as either isolated individual particles or in 
continuous layers along laminae. Depositional organic matter is present as discontinuous 
laminae, in patches, or as discrete particles, and shows absence of organic matter-hosted pores. 
Most of the organic matter in the Vaca Muerta Fm. is migrated organic matter. Organic matter 
principally fills the interparticle pores, and to a lesser degree, it occludes intraparticle pores. 
Organic matter occupies spaces between matrix grains (interparticle), along the edge of the 
crystals, between clay (kaolinite, illite, and chlorite) crystals, between mineral (e.g., pyrite) 
crystals (intercrystalline), and within intraparticle pores of partially dissolved inner core 
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coccolith plates and fish scales. The ultimate migration of bitumen and/or oil into mineral pores 
prevented complete cementation of the pore later during late burial. Organopores were 
encountered in migrated organic matter. The occurrence of bitumen filling most of the 
observable interparticle and intraparticle pores demonstrates the interconnectivity that must have 
allowed for hydrocarbons to migrate. Some interparticle and intraparticle pores still remain open, 
and lack organic matter within them. This could be due to limited connectivity through smaller 
pore throats, because small pore throats constrain fluid flow, inhibiting migration of the kerogen 
byproducts. 
Porosity measurements from QEMSCAN show a bimodal pore size distribution where 
the most abundant pore size is within the smallest range (< 2 μm), and also in the 3.5 to 6.5 μm 
range. Variations in mineralogy are not the main factors controlling porosity and the 
permeability. Instead, organic matter plays the main controlling role. Intervals with highest TOC 
measurements correspond to the lowest measured core porosities and permeabilities.  Due to the 
very low presence of organopores at this location, their contribution toward the total porosity is 
not significant. This is supported by SEM observations, where the most ubiquitous pore types are 
interparticle pores, and thus porosity and permeability are primarily controlled by these types of 
pores. 
The pore observations of the lowermost Vaca Muerta Formation should be compared to 
qualitative storage capacity values from nitrogen adsorption measurements. These results should 
be compared to additional Vaca Muerta samples from higher thermal maturity intervals (late oil 
window and gas window), in order to observe the evolution of organic matter-hosted pores and 
the relevance of the matrix related interparticle and intraparticle pores. This would allow for 
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MICROFRACTURE CHARACTERIZATION IN THE LOWER VACA MUERTA 
FORMATION, NEUQUEN BASIN, ARGENTINA 
This chapter addresses the characterization of sub-vertical and bedding-parallel fractures 
and their infilling cement types.   
3.1 Abstract 
The Vaca Muerta Formation in the Neuquén Basin, Argentina, is an emerging resource 
play containing shale oil and gas in Late Jurassic to Early Cretaceous foreland basin strata. Like 
many black shales, it is characterized by the presence of abundant bedding-parallel 
microfractures within an organic-rich matrix. Sub-vertical fractures are also observed across the 
studied section, adding complexity to characterization of these mudrocks. Both types of fractures 
are calcite-cemented. 
Sub-vertical fractures and some horizontal microfractures are associated with the E-W 
stress regime present during the latter half of the Cretaceous. Additional bedding-plane 
fracturing is related to microfracturing as a result of thermal maturation of kerogen of the 
organic-rich black shales. Within the oil maturation window, overpressure at the lower Vaca 
Muerta interval is correlated with significant total organic content values (up to 10 wt%). These 
conditions eventually dominate the mechanical behavior of the Formation. 
The average oxygen isotopic ratios for sub-vertical and bedding plane calcite-filled 
fractures (-12.29‰ and -12.42‰, respectively) are indicative of a relatively late diagenetic 
origin related to burial. Cathodoluminescence (CL) petrography and carbon and oxygen, isotopic 
chemostratigraphy implicate a single fluid phase from which the calcite in both types of fractures 
precipitated.    
Petrographic observations combined with CL and isotope chemostratigraphy, enable 
establishment of a paragenetic sequence, and ultimately identify temporal evolution of the 
aqueous and hydrocarbon fluids. Microfractures may have the potential to contribute to overall 
effective permeability of the matrix depending on their length, aperture orientation, and 
connectivity to larger fractures. Thus, microfracture characterization, their relation to facies, and 





Bedding-parallel veins of fibrous minerals are common worldwide in sedimentary basins. 
Like many black shales, the Vaca Muerta Formation is characterized by the presence of abundant 
bedding-parallel microfractures within its organic-rich interval. Calcite filled sub-vertical 
fractures are common, as well. Both types of fractures are easily identified in core and outcrop; 
however, they are far below seismic resolution.  
Published literature regarding kerogen maturation microfracturing within the Vaca 
Muerta Formation is related to outcrops from the western area of the Neuquén Basin. Rodrigues 
et al. (2009) presented detailed evidence of overpressure related, bedding-parallel fracturing later 
affected by tectonic shortening. However, published studies about this style of fracturing on core 
intervals within the embayment are nonexistent.  
Durney and Ramsey (1973) distinguished three types of fibrous veins based on the 
positon of the growing crystals with respect to the walls of the vein: (1) in stretched veins, 
fractures open and seal repeatedly in different positions across the veins; (2) in syntaxial veins, 
fibers grow on one or both sides of the vein and towards the middle of the vein, where a fracture 
is inferred; and (3) in antiaxial veins, the fibers grow from a median suture line towards the 
walls.  
The term “beef” refers bedding-parallel veins with mineral fibers growing orthogonally 
to the wall of the fracture. Sorby (1860) described Shales-with-Beef in  Jurassic strata of the 
Wessex Basin. They are especially common in organic- and carbonate-rich black mudstones 
(Rodrigues et al., 2009).    
The origin of bedding-plane fractures is related to fluid overpressure (Stoneley, 1983), 
although shallow fractures/veins may be a result of dewatering of low permeability strata during 
compaction. Overpressure is generated when the fluid pressure is greater than the hydrostatic 
pressure of an equivalent free water column. For deeply buried rocks under isotropic conditions, 
horizontal fractures may form when the least effective stress is vertical and tensile. Pore pressure 
increase commonly results from kerogen thermal maturation during hydrocarbon generation.  
Ramsey (1980) described the crack-seal process for microfracture generation and 
cementation. The opening and infilling of fractures seems to have occurred episodically, by this 
crack-seal mechanism, where the mineral fills a previously open micro-crack. The solutes 
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making up the crystalline cement are derived through pressure solution in the nearby rock 
matrix. 
Elburg et al. (2002) proposed two vein-growth mechanisms: by advective fluid flow and 
by diffusional transport. The first mechanism may be classified as an open system and solutes 
can be transported over long distances. The second vein-growth mechanism is characterized by 
limited distance of the solutes (centimeter-decimeter) and is considered as a closed system. 
The present paper shows textural relationships between the different types of fractures, 
and the evidence for microfracturing related to hydrocarbon generation within the lower Vaca 
Muerta interval from the embayment area of the Neuquén Basin. This paper reports results from 
petrographic and isotopic analysis of calcite-filled, sub-vertical and bedding-parallel fractures 
from one drill core. The burial and thermal histories of the well provide timing constraints for the 
onset of hydrocarbon generation, as well as, for the maximum burial depth of the Vaca Muerta 
Fm. Cathodoluminescence petrography and mineralogical analysis, coupled with carbon and 
oxygen isotopic chemostratigraphy, provide robust evidence for the paragenetic sequence of 
fluid emplacement within the generated open fractures. Estimating the timing of fracturing and 
cementation is important for understanding evolution of the basin and of the Vaca Muerta 
reservoir in particular.     
3.3 Geologic background 
The Neuquén Basin of west-central Argentina is located east of the Argentinean and 
central Chilean Andes, between latitudes of 36°S and 40°S in northern Patagonia (Figure 3.1). 
The triangular-shaped basin is bounded by the Sierra Pintada to the northeast and the North 
Patagonian Massif to the southeast. 
The Neuquén foreland basin is subdivided into two different zones: the Neuquén 
embayment in the east and the Andean mountain range to the west. In the former, the entire 
Mesozoic sedimentary column is preserved because of low deformation rates (Figure 3.2). In the 
latter, Andean compression between the Upper Cretaceous and Cenozoic generated N-S oriented 
fold and thrust belts and resulted in uplift, erosion, and outcropping of the Mesozoic sediments. 
The tectonic evolution of the Neuquén basin is characterized by three main stages: an 
initial Triassic rift stage, dominated by extensional tectonics; the Upper Jurassic - Lower 
Cretaceous steeply dipping subduction stage, with subsequent back-arc subsidence; and Upper 
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Cretaceous - Cenozoic shallowly dipping subduction associated with crustal shortening and 
flexural subsidence (Introcaso et al., 1992; Manceda and Figueroa, 1995; Vergani et al., 1995; 
Ramos, 1999; Franzese and Spalletti., 2001). 
A back-arc basin developed during the Upper Jurassic as the Andean magmatic arc was 
formed. The basin was intermittently connected to the proto–Pacific, which therefore led to 
deposition of marine sediments during regional thermal subsidence. During several transgressive 
and regressive events, complex widespread strata were deposited in the back-arc basin, forming 
the Cuyo, Lotena, and Mendoza Groups (Figure 3.2). These sediments comprise cycles of 
different magnitudes and are controlled by the combined effects of changes in subsidence rates, 
localized uplifts, and eustatic sea-level change (Howell et al., 2005). 
During the early sag phase beginning in the Upper Jurassic, a thick series of Tithonian – 
Early Valanginian sandstones, shales, and carbonates of the Lower Mendoza Group 
accumulated. These rocks are known as the Vaca Muerta, Quintuco, Loma Montosa, Mulichinco, 
and Agrio Formations. Subsidence histories based on well data suggest that this period is 
associated with slow and constant thermal subsidence. Evidence of moderately low and constant 
siliciclastic input, including the abundance of autochthonous carbonate sediments such as ooids, 
are also present (Mitchum and Uliana, 1985). 
The Vaca Muerta Formation consists partly of dark, organic basinal shales. The 
diachronous nature of this formation is reflected by the presence of early Tithonian shales in the 
eastern areas, with progressively younger Valanginian shales towards the west (Mitchum and 
Uliana, 1985). 
3.4 Methods 
Natural fractures and microfractures were analyzed in one Vaca Muerta 1010 core from 
the embayment area of the Neuquén Basin from the Loma Jarillosa Este block. Fracture and 
microfracture analysis was performed at different scales and through different methods: (1) core 
description, (2) optical microscopy, (3) field emission scanning electron microscopy (FE-SEM), 
and (4) QEMSCAN analysis. Carbon and oxygen stable isotope analysis and 









Figure 3.1. Paleogeographic evolution of the continents from the Late Jurassic (A)  to the 
Early Cretaceous (B) [Blakey (2008)]; C) Location of the study area within the embayment 
area (Modified from Vergani et al., 1995); D) Depositional evolution of the Vaca Muerta 







Figure 3.2. Generalized stratigraphic column of the Neuquén Basin (modified from 
Mosquera and Ramos 2006).  
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Fracture texture, pattern, dimension and mineral filling were analyzed and described for 
each individual fracture. The core is broken along countless fracture planes; mineralization along 
the fracture surface allows clear distinction between natural and induced fractures in core.  
The core analyzed for this study is the PLU.Nq.lje-1010 (1010), an eighteen meter (18.20 
m or 59.71 ft) core from the lowermost Vaca Muerta interval from the embayment area of the 
Neuquén basin. Calcite-filled fractures and microfractures can be observed in hand samples from 
this core. In addition to core observations, 37 thin sections were prepared and studied. The thin 
sections were polished to 30 micrometers and half stained with alizarin red solution to 
distinguish the presence of calcite. Moreover, seven of them were polished to 20 micrometers 
and stained with epi-fluorescent dye. Thin section petrography allowed study of the smallest 
calcite-filled microfractures. 
3.4.1 Field emission scanning electron microscopy (FE-SEM) 
For FE-SEM imaging and analysis ten samples were cut with the aid of a vise to obtain a 
fresh surface perpendicular to bedding. Sample mounts were attached to sample holder pins with 
a carbon film and gold coated.  In addition, six thin sections with calcite filled-fractures were 
polished for SEM observations.  
A JEOL JSM-7000F FESEM and an EDAX Genesis EDS were used for sample 
observation and imaging. The samples were imaged using accelerating voltages of 9 to 10 kV 
and a working distance between 5 and 7 mm. Secondary electron images (SEI) were obtained t  
observe topographic variations (e.g., depressions caused by pores), and backscatter elcetron 
images (BSE) were acquired to better delineate compositional boundaries. Energy dispersive 
spectroscopy (EDS) of the grains provided semi-quantitative elemental analysis, useful for 
mineral identification. Secondary electron images can be used to analyze textures, fabrics, and 
morphologies of the grains, matrix and cements. Bright areas reflect high secondary electron 
intensity and dark areas reflect low secondary electron intensity (e.g., pores). Backscatter images 
help identify several mineral based on their grey-scale brightness where high density minerals 
provide high electron intensities (Camp and Wawak, 2013). High density minerals like pyrite 
and apatite exhibit as white and light grey on the greyscale.  Calcite, kaolinite, and feldspars 




3.4.2 Stable carbon and oxygen isotope sampling 
Calcite cement of six horizontal fractures and seven sub-vertical fractures were sampled 
from the 1010 core. Additionally, a bivalve and a carbonate concretion were sampled. Values 
were measured from powdered calcite samples obtained with a drill. Stable isotope analyses 
were conducted by traditional dual-inlet techniques on a GV Instruments IsoPrime stable isotope 
ratio mass spectrometer at the Colorado School of Mines Stable Isotope Lab in Golden, CO. 
Nine samples were from bedding-parallel, calcite-filled microfractures; six samples from sub-
vertical fractures and one from a fracture associated with a carbonate concretion. In addition, a 
bioclastic fragment sample was collected. 
3.4.2.1 Effect of temperature on oxygen values  
Isotopic signature of calcite cements can vary upon burial depth. Within low-porosity 
sediments, such as mudstones, the isotopic composition of calcite cement will be dependant on 
the isotopic composition of the pore fluid, the composition of the precursor carbonate grains 
within the Vaca Muerta Fm., and the temperature of precipitation. 
The δ18O values were collected from the sub-vertical and horizontal fractures to analyze 
whether the calcite cement had precipitated at shallow or greater burial depths. For this purpose, 
a fractionation curve of the temperature range encountered during burial was used. Figure 3.3 
shows that for any given water isotopic composition, the higher the diagenetic temperature, the 
lighter the resulting δ18O of the calcite.  
By using the relationship between the modeled maximum temperature (from the burial 
history analysis of the well) and the measured δ18O calcite value from the horizontal and sub-
vertical fractures, it was then possible to establish the pore fluid composition.  
3.4.3 Portable Ultra Violet (UV) blacklight 
A portable Ultra Violet (UV) blacklight, Model BL-A7, was used to confirm the presence 
of organic matter in the lower Vaca Muerta Fm. and within the calcite-filled fractures. The 
blacklight emits UV radiation at a wavelength of approximately 365 nm, just above the visible 














103 ln α = 2.78 x 106 T-2 -2.89 (O’Neil et al., 969)
Calcite – Water Fractionation
Figure 3.3. Calcite-water fractionation curves plotted versus temperature for a variety of 
water compositions. Among all three variables, only the calcite isotope composition is 
known through laboratory measurements. In this study, the temperature was obtained 




QEMSCAN analyzed the composition of infilling calcite cement for both, sub-vertical 
and horizontal fractures. The QEMSCAN instrument is a fully automated SEM-based analysis 
system that provides quantitative mineralogical and textural data on the basis of automated point 
counting. Analyses were performed with a Carl Zeiss EVO 50 scanning electron microscope 
(SEM) equipped with four Bruker X275HR silicon drift X-ray detectors. These four energy-
dispersive x-ray spectrometers (EDS) are used for mineral and compound 
identification. Automated stepping of the electron beam across the samples was conducted at 2 
μm step size (pixel resolution). At each pixel, the system collected a backscatter electron (BSE) 
signal and an EDS spectrum. The mineral or phase identification is made on the basis of the BSE 
value and elemental intensities. The QEMSCAN provides quantitative mineralogical and textural 
data, false-color mineral maps, and robust statistical data that can be used to quantify mineralogy 
and porosity. 
The accelerating voltage for organic matter scans and mineralogy scans are 15 kV and 25 
kV, respectively.  The specimen current for the scan is 5 nA. The step size for mineralogy and 
organic matter scans was 2 microns. Organic matter on the QEMSCAN is identified based on the 
carbon and sulfur intensity peaks.  
3.4.5 Cathodoluminescence 
Cathodoluminescent images were collected for both sub-vertical and horizontal calcite-
filled fractures using a Leitz Ortholux microscope outfitted with a Technosyn 8200 MK II 
cathodoluminescence unit. Six (6) polished thins sections were prepared for this study. The 
microscope and camera set-up was outfitted with an automatic exposure adjustment feature that 
allowed for images to be captured in samples with dull to very dull luminescence. In brightly 
luminescent samples, exposure time was immediate to a few seconds. Exposure time for the 
dully luminescent samples was anywhere from 30 seconds to a minute and at times took up to 
three separate tries to capture a visible image. Operating conditions were 12 kV with a gun 
current of 450 μA. A cooled Olympus digital camera specifically for low-light applications was 
used for both plane light and CL microphotography. The CL work was conducted in Dr. David 
A. Budd’s lab at the University of Colorado at Boulder, using standard petrographic thin sections 
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with no staining. 
Substitution of Mn2+ into regular Ca2+ lattice of the crystalline structure is the main 
activator of luminescence in carbonates. Ferrous iron (Fe2+) is the principal inhibitor of 
luminescence. The interrelation between Mn2+ and Fe2+ to generate and decrease luminescence 
are further detailed in this paper. 
3.5 Results 
This section shows the classification of the different types of fractures identified on the 
1010 core for the lower Vaca Muerta as well as the stable carbon and oxygen data measured on 
the calcite cement. A paragenetic sequence of the diagenetic events is also presented. 
3.5.1 Evolution of the stress regime from the Jurassic through the Cenozoic 
According to Mosquera and Ramos (2006) the Neuquén embayment is characterized by a 
complex structural history, with episodic deformation and uplifting between the Early Jurassic 
and the Cenozoic. This complexity is enhanced by evolution of the stress regimes in the basin. 
Rotation of the convergence vector from N40°W to almost orthogonal between the Pacific plates 
and South America occurred during the mid-Cretaceous (Scheuber et al., 1994; Mosquera and 
Ramos, 2006). After breakup of the Farallon plate in the Miocene, the convergence became more 
orthogonal resulting in compressional features to the east and west of the study area, the uplift of 
the Los Chihuidos high and inversion of the Entre Lomas area).  
Mesozoic structures are constrained by the orientation of the metamorphic basement and 
half-graben direction of the rifting stage during the opening of the South Atlantic Ocean 
(Franzese and Spalletti, 2001). Pre-Cuyo half grabens in the study area (Figure 3.4), oriented in a 
NE-SW direction, developed during the accretion of Cuyania (Mosquera and Ramos., 2006). A 
structural map at the top of the Vaca Muerta Fm. depicts the NE-SW fault strike (Figure 3.5). 
The Añelo Andean foredeep, that includes the study area, is bounded by two compressional 
regions, the Los Chihuidos region to the west and Entre Lomas to the East. These regions 
underwent deformation between the Jurassic and the early Cretaceous. T ctonic quiescence 
characterized the Añelo foredeep in the late Cretaceous (reflected by tabular geometries of the 
Neuquén Group), when the Agrio fold-and-thrust belt developed in the retroarc area.  In the 
Miocene, the Añelo foredeep was characterized by a subtle reactivation of the rift faults, causing
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bending of the inter-Cenomanian unconformity. The Neuquén foreland basin experienced 










These complex stress regimes play a significant role in development of fractures in the 
Vaca Muerta Fm. As shown in Figure 3.5, the strike orientation of three calcite-filled sub-
vertical fractures found in the lower Vaca Muerta is E-W. This strike is perpendicular to the fault 
strike at the top of the Vaca Muerta Fm.  
3.5.2 Burial history and kinetics 
Burial history for the study area was reconstructed based on stratigraphic data from 
Vergani et al. (1995), Cobbold and Rossello (2003) and Mosquera and Ramos (2006). Software 
used for burial history reconstruction was BasinMod 2012 (PlatteRiver Associates, Inc. 2790 
Valmont Rd., Boulder, CO 80304). The burial history for the 1010 well includes phases of slow 
sedimentation and burial from the late Triassic through the Lower Cretaceous, with a significant 
Figure 3.4. A) Three main orientations of  Pre-Cuyo group half grabens. Study area is highlighted 
with the black dashed-line circle.  Rotation of the convergence vector from N40°W (B) to almost 
orthogonal (C) between the Pacific plates and South America occurred during the mid-Cretaceous 
(modified after Mosquera and Ramos 2006). 
67 
 
increase in burial from the Lower Cretaceous until the beginning of the Cenozoic. Maximum 
burial depth is reached in the early Cenozoic (Figure 3.6). The rest of the Tertiary is 




Log  depth Dip Azimuth
3098.736 72.47 N 87.81
3099.045 76.27 N 85.72













Figure 3.5. (A) Structural map at the top of the Vaca Muerta Fm. with NW-SE fault strikes 
(Franklin, 2016). (B) Stereonet showing  E-W orientation of several calcite-filled sub-vertical 
fractures and their location at log depth (m), dip and azimuth values. (C) Schematic diagram 
representing the azimuth and the dip of a sub-vertical calcite-filled fracture from the lower Vaca 
Muerta interval. Core photo of a sub-vertical, calcite-filled fracture (Dip: 72.85N; Azimuth 87.81) 
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Modeled lithologies for each of the formations were simplified. For this purpose the 
entire Vaca Muerta Fm. was modeled as single lithostratigraphic unit, with input values set to 
30% siltstone, shale 30%, and 40% limestone. 
The calculated sedimentation rate for the Vaca Muerta Fm. is 9.72 m/m.y. This value is 
significantly lower than the maximum rate of 190 m/m.y calculated by Parnell and Carey (1995) 
for the southwestern Mendoza region. This may represent sediment- starvation during deposition 
of the Vaca Muerta Fm. in this part of the basin.  
The Vaca Muerta Fm. reached the maximum temperature (Tmax) of 125°C in the early 
Cenozoic at a maximum burial depth of 3600 m (Figure 3.7). Thus the temperature gradient 
calculated for this part of the embayment is 34.72 °C/km. This value is close to the 30°C/km 
temperature gradient calculated by Parnell and Carey (1995).  The modeled Tmax, as discussed 
later, was used as a threshold when estimating the isotopic composition of formation waters from 
which the fracture-filling calcite precipitated.  
Burial history of this well may be used to estimate the timing of Vaca Muerta 
hydrocarbon generation from the Vaca Muerta Formation. The Vaca Muerta Fm. is the main 
source rock in the Neuquén basin (Uriel and Zambrano, 1994), and hydrocarbons are generated 
from a Type II, marine source rock. The richest hydrocarbon source rock is at the base of the 
Formation, in the condensed section, with average TOC values of 4% with values as high as 12% 
(Rodrigues et al., 2009). Analysis of the 1010 core measured maximum TOC values of 9.62 wt% 
and leanest values of 2.8 wt%. Calculated vitrinite reflectance (Ro) values for this part of the 
Neuquén embayment are ~ 0.8%. This value is concordant with the oil window Ro interval of 0.6 
to 1.5% calculated for the most of the basin. In the foothills the source rock reached the gas 
window.  
Maturation of the Vaca Muerta source rock is related to burial. According to this study, 
the Vaca Muerta Fm. entered the early oil window at 68 Ma in the late Cretaceous (Figure 3.8). 
The temperature at which hydrocarbon generation started is ~100°C. Vergani et al. (2011) 
suggested a 70 Ma for embayment area hydrocarbon generation.  In other parts of the basin, 
maturation of the Vaca Muerta Fm. started in the late Cretaceous and continued into the 
Cenozoic, until the Eocene (Parnell and Carey 1995; Cruz et al, 1999; Rodrigues et al, 2009). 
From the early Cenozoic to the present day, the Vaca Muerta Fm. has undergone a cooling 
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process. This is mainly due to erosion and uplift through the Cenozoic Era, as shown in Figure 











Figure 3.6. Burial history of the sediments in the study area. Highlighted in red is the Vaca 
Muerta Fm. 
Figure 3.7. Thermal history of the sediments in the study area. The Vaca Muerta Fm. reached a 







3.5.3 Classification of microfractures 
Classification of microfractures in the 1010 core was conducted based on their texture 
(size and shape), and distribution. QEMSCAN was used for both, textural and compositional 
descriptions, and for analysis of the cement within the microfractures. Characteristically, two 
different types of fractures are distinguished in the lower interval of the Vaca Muerta Formation 
in the Loma Jarillosa block: 1) bedding-parallel calcite-filled microfractures and 2) sub-vertical 
calcite-filled microfractures.  The bedding-parallel calcite-filled microfractures are the most 
common across the studied interval and are orders of magnitude smaller than the sub-vertical 
calcite-filled fractures. Sub-vertical and bedding-parallel microfractures are intercalated 
throughout the Vaca Muerta core. 
Most of the fractures observed in the Vaca Muerta core are below the resolution of 
logging and seismic tools, thus they are only observable at smaller scales through core 
description and microscopy methods. In the present study, all bedding-parallel calcite-filled 
fractures are considered microfractures, with sizes smaller than a few centimeters. Sub-vertical 
calcite-filled fractures may be as large as a few tens of centimeters; thus, the term used to 
describe them is fracture.  
Various authors (e.g., Parnell and Carey, 1995; Parnell et al., 2000; Cobbold et al., 2013; 
Rodrigues et al., 2009;) have reported fibrous calcite-filled fractures (commonly referred to as 
Figure 3.8. Kinetics for three source rocks: Pre-Cuyo, Los Molles and Vaca Muerta source 
rocks. Vaca Muerta Fm. is within the early maturation window at this location. 
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“beef” fractures) from the outcropping Vaca Muerta Fm. in the western region of the Neuquén 
Basin. In this studied section, calcite crystal growth is also perpendicular to the direction of 
microfracture propagation (Figure 3.9). However, outer zones described by Rodrigues et al. 
(2009) are absent in the lower Vaca Muerta interval. Instead, two types of crystal growths have 
been observed: 1) elongated and/or blocky calcite crystals, and 2) fibrous calcite crystals. 
Riediger and Coniglio (1992) described elongated crystals to be associated with displacive 








Both types of described fractures are sytaxial veins, with fiber growth on one or both 
sides of the vein and growing towards the middle of the vein. Based upon crystal surface 
orientations, growth competition may be observed for both equant and fibrous calcite. 
Microfractures filled with blocky calcite cement are only observable using microscopy. For some 
of the microfractures a central seam, parallel to the walls of the microfractures may be present 
(Figure 3.10). Both types of microfractures show the presence of bitumen under UV light, and 
along with fragments of the surrounding matrix embedded within the cement.  
3.5.3.1 Bedding-parallel calcite-filled microfractures  
Bedding-parallel calcite-filled microfractures are calcite-cemented horizontal 
microfractures. These are the most common type throughout the lower Vaca Muerta core in the 
study area. 
Calcite-filled horizontal microfractures are elongated in shape with tapered ends. The 
length of these microfractures at core scale varies between a few millimeters and several 
Figure 3.9. Bedding-parallel calcite-filled fracture with fibrous calcite crystals growing between 
the wall of the fracture and with a central seam. The central seam is composed of matrix material. 
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centimeters. The walls of the microfractures are straight and parallel; apertures vary from hal  a 
millimeter to a few millimeters. They may be present as isolated microfractures (Figure 3.10C) 
or as part of a complex microfracture network or zone (Figure 3.10A and B). En echelon 
structures are common (Figure 3.11A and B and Figure 3.12)  
1 mm












Blocky and fibrous cement types filling bedding-parallel microfractures are pervasive 
throughout the entire interval. Both types of fracture-filling cements are commonly intercalated 
within the lower Vaca Muerta interval. Fibrous calcite-filled microfractures (Beef) are more 
commonly observed at a larger scale (hand sample) (Figure 3.11B). Blocky calcite cement is 
identifiable within smaller sized microfractures through microscopy. As Gale et al. (2007) 
suggested, microfractures in mudstones may be more prevalent than observations suggest; 
Figure 3.10. Bedding parallel calcite-filled microfractures at core scale. (A) Zone with multiple 
calcite-filled microfractures. (B) Closer view of the complex structure displayed by some 
horizontal microfractures. Individual microfractures display tapered ends. Crystal growth is 
perpendicular to the wall of the fracture.  (C) Large single microfracture with fibrous calcite 
cement spanning the entire width of the core. (D)  Close up view of the calcite fibers that grow 
perpendicular to the fracture wall to a central seam (white dashed line).  
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seemingly, at low abundances they are rarely sampled. This point is consistent with our 
observations regarding the blocky calcite cement type of bedding-parallel microfractures.  
En echelon fractures 
En echelon fractures are observed both at the core scale and under higher magnification 
in the lower Vaca Muerta interval. Figure 3.11 shows a set of bedding-parallel calcite-cemented 
fractures displaying an en echelon arrangement. Open fractures were later filled with equant 











3.5.3.2 Sub-vertical calcite-filled fractures  
Sub-vertical calcite-filled fractures cross cut bedding planes with dips ranging between 
71° and 77° to the north. The strike direction of some sub-vertical fractures is in an E-W 
direction in the lower Vaca Muerta Fm. (Figure 3.5). This fracture strike is perpendicular to the 
fault strike at the top of the Vaca Muerta Formation. The sub-vertical fractures range between a 
few centimeters and few tens of centimeters in length. Because of their larger size, they may be 
important contributors for hydrocarbon/fluid flow pathways and fluid storage capacity. 
The generation mechanism for the sub-vertical fractures is probably of a different origin 
than the bedding-parallel fractures; however, these fractures also commonly display a shear 
Figure 3.11.  A) Photomicrograph of en echelon calcite-filled bedding-parallel microfractures 
with equant calcite cement. Scale bar is 1mm B) En echelon calcite-filled fractures at core 
scale. Schematic showing the direction of shear stress for opening of the fractures.  
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component to them. Some of these sub-vertical fractures also exhibit en echelon features (Figure 
3.12), similar to the horizontal microfractures.  
Sub-vertical fractures may be present as individual fractures (Figure 3.13) or a set of 
fractures (Figure 3.14). A key aspect to distinguish bedding plane calcite-filled fractures from 
sub-vertical fracture in cross-sectional view is the irregular (wavy) fracture walls for the inclined 
ones (Figure 3.12). Matrix inclusions surrounded by cement are common to this type of fracture. 
Sub-vertical fractures are characteristically filled with equant calcite cement. 
In addition, sub-vertical fractures can be connected to smaller horizontal microfractures 
(Figure. 3.15) and serve as hydrocarbon pathways. UV light observations highlight bitumen 
residue hosted by some of the vertical fractures. Figure 3.15 shows a vertical calcite-filled 
fracture impregnated with bitumen. It is also common to encounter matrix inclusions within 
these fractures.  
3.5.3.3 Association with nodules/concretions 
Carbonate concretions are common to the lower interval of the Vaca Muerta Fm. and are 
characterized by a light grey inner core and darker outer rim (Figure 3.16). Concretions are a 
result of early diagenesis where the surrounding bedding underwent soft-sediment deformation 
during their growth.  Bioclastic entrapment may be common during growth of these concretions. 
It is typical to find bedding-parallel calcite-filled microfractures associated with carbonate 
concretions. Rodrigues et al. (2009) also reported them in their outcrop study. Microfractures can 
appear surrounding carbonate concretions, above and below; they may also terminate against the 
concretion. Gale et al. (2007) considered these fractures not to be contributors to hydrocarbon 
production because they are local to individual concretions. 
3.5.3.4 Solution sutures filled with organic matter 
Solution sutures filled with organic matter are common and intercalated with the 
previously described types of microfractures throughout the lower Vaca Muerta. At higher 
magnification (optical microscopy and SEM), they show an elongated, thread-like shape. These 
features are common to facies 1c (Laminated claystone) where bitumen is filling the space 
between the grains (along weak planes) generated during pressure-solution stage (Figure 3.17).  
Core samples also show these features macroscopically; however, in this case it is more likely to 
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distinguish a single solution suture filled with organic matter, rather than a network of these 












Figure 3.12. A) Lateral core view of sub-vertical calcite filled-fracture set. Note the lateral 
discontinuity of the fracture.  B) Cross section view of sub-vertical fractures on en 
















Figure 3.13. Natural sub-vertical fracture in the 1010 core. It is more than 15 cm long, dips 
72.5° N and has an azimuth of 87.8. (left). Fracture surface showing calcite mineralization. 









Figure 3.14. (A) Lateral and cross-sectional view of a set of calcite-filled sub-vertical fractures. 
Organic matter residue is present on the mineralized surface.  (B) Reflected light 
photomicrograph of equant calcite crystals (pink) and organic matter residue (dark).
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Figure 3.15. A) Sub-vertical fracture surface showing calcite mineralization with organic matter 
residue.  B) Sub-vertical fractures connected to bedding parallel microfractures (white arrow).  
Part of a vertical calcite-filled fracture with secondary pyrite (top right).  
Figure 3.16. Carbonate concretion from the lower Vaca Muerta interval. (A) Microfractures 
filled or partially filled with calcite cement terminating against the outer sphere of the 
concretion. (B) Calcite-filed microfractures are present below and above the concretion. (B) a 
microfracture terminating against it.  
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During hydrocarbon generation, hydrocarbons probably migrate along cracks or solution 
sutures within the matrix until expulsion from the source rock occurs. However, it is difficult to 
account for how long these sutures remained open. They likely opened and closed through time, 













3.5.4 Stable isotope data 
Carbon and oxygen isotopic composition of the vertical and horizontal microfractures, as 
well as, for a concretion, a bioclastic fragment and the average of the Vaca Muerta matrix are 
shown on the following section. 
3.5.4.1 Carbon 
The δ13C values of the lower Vaca Muerta whole rock range from -2.48‰ to -8.77‰ 
Vienna Pee Dee Belemnite (VPDB) with an average δ13C value of -4.28 ‰ VPDB. The δ13C for 
the calcite within the horizontal fractures varies between -3.58‰ and -3.70‰ VPDB with an 
Figure 3.17. Elongated, thread-like bitumen is filling the space between the 
grains and along the weak planes.  
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average of -3.60‰ VPDB. The δ13C values for calcite within the sub-vertical fractures ranges 
from -3.10‰ to -4.00‰ VPDB, with an average of -3.79% VPDB (Table 3.1). 
The most depleted δ13C values (-3.68 and -3.64‰ VPDB) among horizontal 
microfractures were collected from well-defined, individual microfractures. The most depleted 
δ13C values among sub-vertical fractures were collected from the upper part of the core 
(3494.20-3494.36 m MD). 
3.5.4.2 Oxygen 
The δ18O values of the lower Vaca Muerta whole rock samples range from -6.76 ‰ to -
13.59 ‰ VPDB with an average δ18O of -8.24 ‰ VPDB. The δ18O values for calcite within 
horizontal fractures range from -11.69‰ to -13.33 ‰ VPDB with an average of δ18O of -
12.42‰ VPDB.  The δ18O values for calcite within vertical fractures range from -10.09‰ to -
13.09‰ VPDB, with an average of -12.29‰ VPDB (Table 3.2). 
The most depleted δ18O value among the horizontal microfractures was collected from a 
microfracture within a zone of multiple horizontal microfractures. 
Additionally, isotopic compositions of a bioclast and a concretion were analyzed for 
comparison purposes. The former recorded values of δ18O -7.81 ‰ and δ13C -0.82 ‰ and the 
latter δ18O -8.13 ‰ and δ13C -5.75 ‰. The average δ13C and δ18O isotopic composition of the 
matrix is -4.28 and -.24 ‰, respectively (Table 3.3).  
 
Table 3.1. Isotopic composition of horizontal calcite-filled microfractures 
Sample ID δ13C (‰ VPDB) δ18O (‰ VPDB) General description 
3097-20 -3.63 -11.69 High TOC
3102-67 -3.70 -12.57 Individual
3103-5A -3.58 -13.33 Several together
3103-5 B -3.68 -12.37 Individual
3104-30 -3.38 -12.18 Several together
3106-35 -3.64 -12.39 Individual
Average -3.46 -11.62











Table 3.2. Isotopic composition of vertical calcite-filled fractures 
Sample ID δ13C (‰ VPDB) δ18O (‰ VPDB) General description 
3094-30 -3.89 -11.98 Pyritized
3094-77 -3.87 -12.9 With bitumen
3101-95 -3.87 -13.09 With bitumen
3105-50 C -3.10 -10.09 With bitumen
3101-20 -3.83 -12 With bitumen
3094-20 -4.01 -12.94 Sub-vertical
3094-36 -3.98 -13.06 Sub-vertical 
Average -3.79 -12.29




Table 3.3. Isotopic composition of bioclast, concretion and average of the lower Vaca Muerta 
matrix 
Sample ID δ13C (‰ VPDB) δ18O (‰ VPDB) General description 
3106-18 -0.82 -7.81 Bioclast






This section addresses the discussion of the occurrence of the microfractures in the lower 
Vaca Muerta Fm. and their relationship to the infilling calcite and organic matter. 
3.6.1 Paragenetic sequence 
The paragenetic sequence of events in the lower Vaca Muerta includes mineral 
precipitation, compaction, opening of fractures and hydrocarbon generation through time and 
burial (Figure 3.18). This paragenetic sequence reflects an overall composite of relative 
relationships based on petrographic observations.   
Compaction of the Vaca Muerta Formation started in the late Jurassic and continued 
through the Cretaceous, reaching maximum burial (3600 m) in the early Cenozoic (Figure 3.6).  
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Authigenic dolomite and calcite precipitation may be the earliest diagenetic events within 
these sediments based on their relationship to other authigenic cements (i.e quartz, pyrite and 
feldspar). Partial dolomitization may also have occurred during a later diagenetic stage (?).  The 
paragenetic relationships observed herein indicate the presence of multiple calcite precipitations 
phases for the Vaca Muerta Fm. Dolomite and calcite concretions grew during the early stages of 
compaction. Soft-sediment deformation around the concretions highlights this diagenetic process 
as early. Replacement of radiolarians by calcite cement was likely relatively early due to the 
mechanical preservation of the tests during compaction.  
Most of the authigenic quartz derived from dissolved radiolarians and probably sponges 
precipitated as irregular microcrystalline masses. Textural relationships imply that biogenically 
derived silica precipitation started after initial carbonate (calcite and dolomite) precipitation.  
Authigenic clay precipitation may have been coeval with most of the mineral 
precipitation (i.e., calcite, quartz and feldspar).  Relatively early clay cements (i.e., chlorite and 
kaolinite) occupy interparticle pores between detrital grains. Later clay cements, such as illite, 
are associated with hydrocarbon maturation and generation. Quartz and feldspar overgrowths, 
typical from burial diagenesis, are present on detrital quartz and feldspar grains. These probably 
postdate calcite precipitation. 
Opening of the fractures predates their calcite mineralization. Open fractures were 
probably generated at a late stage in the compaction. Calcite cementation infilled the already 
open fractures at a relatively later time. Calcite precipitation within the fractures is not coeval 
with the authigenic calcitation cement within the matrix. 
Pyrite precipitation post-dates authigenic calcite and quartz cement, because pyrite is 
encountered within fractures.  
The Vaca Muerta Fm. entered the oil window in the late Cretaceous (Figure 3.8). 
Hydrocarbon generation and migration is the latest diagenetic event. Volume expansion during 
the kerogen-to-bitumen conversion resulted in hydrocarbon impregnation of all the available 
intergranular and intragranular porosity. In addition, pressure-solution sutures were also 
generated during this stage. Evidence for this may be found in Chapter 2 of this dissertation, 
where samples analyzed with the SEM confirm that almost the entire available pore space has 




















3.6.2 Quantification of fractures 
For the lower Vaca Muerta core interval, quantification of vertical and horizontal 
fractures was carried out based on visual estimation. In parts of the Neuquén basin, the Beef in 
the Vaca Muerta Formation accounts for as much as 10% by volume of rock (Cobbold et al., 
2013). There are 22 sub-vertical fractures with a density of 1.22 frac./m. The highest fracture 
density of 8 frac./m is towards the top of the cored interval (3094-3095 m). The 1010 core 
displays 155 calcite-filled horizontal microfractures with a density of 8.61 microfrac./m. The 
highest horizontal microfracture density is 27 microfrac./m (3103.40-3104.40 m), followed by a 
second highest density of 18 microfrac./m (3099-3100 m). Average fracture (horizontal and sub-
vertical) density for the entire 1010 core is 9.83 frac/m. The greatest microfracture densities are 
encountered from 3098.67 to 3099.9 m and from 3102.55 to 3014.68 m (Figure 3.19). The 
carbonate-rich unit (3108.65 to 3109.64 m) lacks microfractures (Figure 3.20). 
Figure 3.18. Paragenetic sequence of the relative timing of the diagenetic events in the 
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TOC measurements were systematically acquired in a two-foot sampling interval. 
Highest TOC values were recorded from the 3097.05 to 3098.4 meter and from the 3102 to 
3108.47 meter intervals. TOC values for the upper high-microfracture density interval is 1.57 
wt.%; this value seems too low and that may not be representative of this section due to sampling 
bias. However, the lower high-microfracture density interval corresponds to significant TOC 
values ranging from 2.47 wt.% to 9.57 wt.% with an average value of 6.8 wt.% (Figure 3.20).  
3.6.3 Cathodoluminescence petrography  
Cathodoluminescence petrography (CL) is an invaluable tool for distinguishing detrital, 
authigenic and diagenetic phases, and provides a method to visualize and understand porosity 
evolution in carbonate petroleum reservoirs. CL provides the basis for understanding 
fundamental diagenetic relationships among grains, matrix, cements, and common replacement 
fabrics (Hiatt and Pufahl, 2014). Trace elements included in the calcite crystal lattice, 
predominantly Mn and Fe, control luminescence characteristics such as excitation and 
quenching. 
Figure 3.19. Quantification of sub-vertical (left) and bedding parallel (right) calcite-filled 



















Interpretation of environments of calcite crystal growth has been a goal of studying 
partitioning behavior of trace and minor elements between calcite and the fluids from which the 
calcite crystallized. Accomplishing this goal has been difficult, as researchers have realized that 
effective distribution coefficients are influenced by factors pertaining to the specific nature of the 
crystallization process. Factors related to variations on portioning behavior include 1) rate of 
crystallization, 2) coupled substitution, and 3) temperature. Many studies have documented 
differential partitioning of manganese (Mn) between aqueous solution and different growth 
sectors within individual calcite crystals. This is known as compositional sector zoning, and it is 
fairly common in many calcite cements and limestones. CL microscopy may be the best 
opportunity for recognizing this type of partitioning (Reeder and Grams, 1986). 
Mn2+ is generally considered to be the most important ion to activate 
Figure 3.20. Schematic of the eighteen-meter core showing the position of calcite-filled 
horizontal fractures (white) and sub-vertical fractures (orange). Superimposed is the 
measured TOC data from SRA. The light grey zone indicates the location of concretions 
and/or carbonate-rich facies. 
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cathodoluminescence in calcite. Fe2+, commonly present in minor to trace amounts in natural 
calcites is known to quench luminescence. Many images of calcite crystals in CL represent 
qualitative “maps” of Mn2+ and/or Fe2+ distributions (Reeder and Grams, 1986).  Calcite 
luminescence is an effective indicator of secondary calcite precipitation within burial diagenetic 
environments. Calcite within horizontal and sub-vertical fractures in the lower Vaca Muerta 
displays high luminescence, likely indicative of precipitation under deep burial conditions 








The lower Mn ion concentration limit for luminescence is between 17 ppm (Mason and 
Mariano, 1990) and 25 ppm (Budd et al., 2000). Czerniakowski et al. (1984) reported that 
Figure 3.21. Plane light (A) and cross-polarized (B) photomicrographs of bedding-parallel 
calcite-filled fracture. Note the fibrous crystal growth between the V-shaped matrix 
inclusions and the wall of the fracture; (C) SEI image of calcite, V-shaped matrix 
inclusions and euhedral pore.; D) CL image of calcite from (C), with red-orange color 
(high Mn and Fe), V-shaped matrix inclusions and pore; E) BSE image of organic matter 
(OM) between calcite crystals and matrix. 
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minimum concentrations of Mn2+ required to induce luminescence is between 100-1000 ppm 
(partitioned into calcite). In general it appears that as long as the Fe2+ concentration is less than 
~200 ppm, calcite will luminesce with low concentrations of Mn (Hiatt and Pufahl, 2014). 
The color (wavelength) of light produced by CL analysis is a function of the crystal field 
symmetry and strength, which are controlled by the atomic distance between the transition metal 
and the surrounding oxygen atoms, and the symmetry of bonds around the metal cation in the 
carbonate crystal structure. Since Mn and Fe are common trace constituents of many natural 
calcites, CL microscopy is often well suited for identifying sector-related differences in their 
abundances (Hiatt and Pufahl, 2014). Mn causes bright yellow luminescence in calcite and some 
dolomite, orange to red luminescence in dolomite, and green luminescence in aragonite (G̈tte 
and Richter, 2009). As Fe is added to calcite and dolomite crystal structures, the resulting 
luminescence becomes orange, pink, and red. When Fe concentrations rise above thousands of 
ppm, then luminescence becomes very dark red, followed by red–brown to non-luminescent. 
Due to complex crystal field effects, the Fe/Mn concentration ratio at which luminescence is 
quenched it is not predictable (Hiatt and Pufahl, 2014) (Figure 3.24).  
As a result of the Mn and Fe concentrations listed in the previous section and their 
relationships to inducing or quenching luminescence, carbonates precipitated from oxygenated 
marine waters will be non-luminescent. This is because these cations are in the oxidized state (4+ 
and 3+, respectively), and will therefore not substitute for calcium ions because of their 
incompatible valence state with Ca2+. Such is the case for the bivalve in Figure 3.25. Once 
sediments are buried deep enough to change from an oxidizing to reducing environment, both 
reduced ions can substitute for calcium if they are available (Czerniakowski et al., 1984). As 
oxygen levels drop from near atmospheric levels, Mn is reduced and can be readily incorporated 
into diagenetic cement; as oxygen levels drop further, Fe is reduced and both elements are 
scavenged from the pore water by diagenetic carbonate cement phases (Table 3.4). When sulfide 
is present, pyrite can form by removing Fe from the pore water. As a result, the pore water is 
relatively enriched in Mn2+, causing luminescence. The bright orange luminescence of calcite 
cements in this study, occurring within bedding-parallel and sub-vertical fractures, indicates that 
















Figure 3.22.  Photomicrographs showing bedding-parallel calcite-filled fractures filled with 
equant calcite cement. A) Singular calcite-filled fracture with crystal growth perpendicular to 
the walls of the fracture.  Note matrix inclusions embedded in the infilling cement in a central 
seam. B) Paired CL image of calcite cement. C) Calcite-filled fracture swarm where crystals 
grow between matrix inclusions and the wall of the fracture, in a perpendicular direction. D) 


















Figure 3.23. A) A characteristic sub-vertical calcite-filled fracture. B) Fracture cross cutting 
bedding plane. Composition of the matrix directly affects crystal growth within the fracture. The 
upper part of the fracture, surrounded by a calcite-rich matrix consists of small calcite crystals, and 
the lower part is composed of larger blocky calcite crystals. The boundary between the two crystal 
families coincides with the boundary between two facies. The upper calcite-rich facies may have 
been more affected by pressure-solution, generating solution seams for fluids to pass through. The 
lower facies, with higher impermeable walls may have contained fluids from flowing, and thus 
resulted in larger crystal generation. (C) Plane light and (D) CL photomicrographs of calcite cement 
with matrix inclusions along the central seam. E) Plain light and (F) CL photomicrographs of calcite 





































Table 3.4. General relationship between pore-water oxygen, redox state of Mn and expected 
characteristics (Hiatt and Pufhal, 2014) 
 
Oxygen Level Cations Present in Pore-water CL Characteristics
Oxygen-rich Mn4+/Fe3+ Dull/Dark
Oxygen-poor Mn2+/Fe3+ Bright Yellow-Orange
Anoxic pore-water Mn2+/Fe2+ Dark Red to Black
 
 
Each of the calcite-filled fractures analyzed under CL displayed an overall bright orange 
luminescence, meaning the calcite precipitated from a fluid rich in Mn and Fe under reduced 
conditions. No cement zoning due to different fluids is present. All the calcite cements show a 
very similar luminescence and color. Remnants of matrix may also be encountered within the 
calcite crystals, related to opening of the fracture walls. Based on these petrographic 
observations, there is no evidence of multiple cement phases.  
Figure 3.24. Eh/pH diagram for aqueous ionic species of Mn and Fe. Idealized CL colors that 







Figure 3.25. A) PPL photmicrograph of the lower Vaca Muerta matrix. Large and small skeletal 
fragments are embedded in a carbonate and clay-rich matrix and are parallel to bedding. B) CL 
photomicrograph reveals bright luminescence throughout the matrix (high Mn and Fe). Most of 
the bivalve shells have not been diagenetically altered. The walls of some skeletal fragments 
have been altered, showing a bright yellow luminescence (high Mn concentration and low Fe 




Scattered pores may be present within some of the calcite-filled fractures (Figure 3.21D). 
The matrix of the Vaca Muerta displays a large quantity of elongated, compacted, dark-brown 
peloids, as well as various broken skeletal grains scattered throughout. Overall, most of the 
skeletal grains visible under PPL were also visible when the sample was viewed under CL. Any 
features in these samples that had not been diagenetically altered appear dark brown to 
brown/red. Examples of such features include a bivalve shell fragment that reflecting oxygenated 
condition with no Mn2+ and Fe2+ present during formation of the skeletal calcite (Figure 3.25).  
Black specs on the CL images are interpreted as pyrite.  Bright blue flecks are detrital quar z 
grains. Bright yellow luminescence is due to high concentrations of Mn and low Fe.   
Bright orange luminescence encountered within sub-vertical and horizontal calcite filled-
fractures is considered to be different from that of the matrix implying different oxygen levels 
and Mn/Fe ratios. Calcite within the matrix displays a slightly more yellow luminescence, 
indicative of lower Fe values. Calcite within the fractures may have precipitated from a more 
reduced fluid with higher Fe values. Pyrite precipitation will remove Fe from the system in the 
presence of sulfur. Our CL observations indicate that calcite precipitation in the fractures 
occurred prior to complete pyritization of the formation. Therefore, Fe available in the solution 
was incorporated in the calcite rather than in pyrite. This observation may imply that the main 
fluid flow occurred through the fractures rather than across the matrix, which was mainly 
cemented in an earlier stage. 
3.6.4 Organic matter in fractures from QEMSCAN 
Comparison of mineralogy and organic matter maps enabled confirmation of the presence 
of organic matter within calcite-filled horizontal and sub-vertical microfractures in the Vaca 
Muerta Fm.   
Horizontal and sub-vertical microfractures displayed only the presence of calcite cement 
and organic matter within the fractures (Figure 3.26). Organic matter was identified based on 
carbon and sulfur intensity peaks. Carbon maps were used to confirm the presence of organic 
matter within the fractures. Carbon counts may have been initially mistaken for the presence of 
the organic epoxy utilized during sample preparation. However, intensity peaks above 35-40% 
do represent organic matter. This method supports the presence of organic matter within the 
calcite-filled microfractures.  
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Calcite-filled sub-vertical fractures are orders of magnitude larger in size than the calcite-
filled horizontal fractures. However, the amount of organic matter registered in the horizontal 
calcite-filled fractures is larger than the amount within the sub-vertical calcite-filled fractures. 
The former has a 5.27 area% and the latter a 3.48 area% of identified organic matter. Both types 
of fractures display the organic matter towards the center portion of the fractures and is 
surrounded by calcite cement.  This relationship implies initial partial precipitation of authigenic 
calcite followed by later influx of the organic matter. An additional scenario is that the formation 
water from which the calcite precipitated comingled with the organic matter inside the fractures. 
This is further discussed in Section 3.6.8.  
3.6.5 Evidence of overpressure and microfractures generation in the lower Vaca 
Muerta  
Overpressure is generated when the fluid pressure is greater than the hydrostatic pressure 
of an equivalent free water column. Overpressure within the thick Vaca Muerta Fm. is a result of 
the pressure increase related to hydrocarbon generation. Flattened kerogen grains were isolated 
and surrounded by an impermeable clay-rich matrix with silt-sized detrital grains. During 
kerogen thermal maturation, and thus hydrocarbon generation, hydrocarbon pressure increased 
up to the overburden pressure within the kerogen grain. An additional pressure increase results 
from density reduction during the kerogen-to-oil conversion. Overpressuring is driven by the 
forces of expulsion that will drag hydrocarbons into very tight pores, resulting in low water 
saturation.  
A pore pressure log (Figure 3.27), shows a significant increase in pore pressure with 
depth for the Vaca Muerta Fm. Pore pressure values in the upper Vaca Muerta rise up to 5715 
psi, and to 7075 psi in the lower Vaca Muerta. Overpressure values within the lower Vaca 
Muerta are associated with the significant total organic content (TOC) values reported for the 
interval. Total organic content values, from SRA in the lower Vaca Muerta Fm. in the 1010 well, 
range between 1.75 and 9.62 wt.%, with an average value of 5.98 wt.% (and weighted average of 
6.18 wt.%).  
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Figure 3.26.  Calcite-filled horizontal and vertical fractures depicted on backscatter images (BSE- A, D), mineralogy (B, E), 
and carbon maps (C, F). Organic matter and mineralogy maps show organic matter residue and calcite cement in both type 
of fractures (B and E). Carbon maps confirm the presence of organic matter within sub-vertical and horizontal 












Several authors (Meissner, 1978; Vernik, 1994; Őzkaya, 1998; Berg and Gangi, 1999; 
Lash and Engelder, 2005; Lewan and Roy, 2011) have explained the concept of bedding-parallel 
microfracturing related to thermal maturation of kerogen in organic-rich black shales.  
Figure 3.27. Gamma-ray and pore pressure logs from the 1010 well. Highlighted by 
the red box is the location of the 1010 core in the lower Vaca Muerta. 
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Microfractures originate within the kerogen or at kerogen-illite interfaces when pore pressure 
exceeds the bedding-normal total stress by only a few MPa due to the extremely low-fracture 
toughness of organic matter (Vernik 1994). According to Lash and Engelder (2005), three 
material properties aid in the initiation of horizontal microfractures: (1) abundant flat and 
bedding-parallel kerogen grains, (2) strong anisotropy from the laminated textures, and (3) tight, 
strongly oriented planar clay-grain fabrics.  
Burst (1969) suggested that the second phase of structural water expulsion from 
montmorillonite, when transformed into illite, occurs within the oil generation window. The 
dehydration collapse of montmorillonite is a possible cause for overpressure (Selley, 1997) 
during kerogen transformation. Lewan and Roy (2011) confirmed the role of water by obtaining 
29% more total hydrocarbon product and 33% more C 15+ hydrocarbons in samples of hydrous 
Mahogany oil shale (Type I), than in an anhydrous sample during the bitumen-o-oil conversion. 
The recovered hydrous sample showed bedding-parallel expansion fractures; these were absent 
in the anhydrous sample. Similarly, Type- II kerogen generated more liquid products in a 
hydrous sample from the Woodford Shale (Lewan, 1987). The forces of expulsion are 
responsible for removing water from the system and ultimately generating open extensional 
fractures.  
Textural and compositional anisotropy is scale-dependent, implying core scale 
measurements will probably not apply to thin section or SEM-scale observations.  According to 
Hart (2013), elastic properties of source–rock and reservoirs mudstones are affected by the high 
organic contents (>3%), compositions, fabrics and porosity. Based on several authors (Ozkaya, 
1988; Vernik, 1994; Lash and Engelder 2005), compaction-induced strength anisotropy is 
responsible for bedding-parallel microfracture propagation within black shales. Tight, strongly 
laminated planar clay fabrics produced by gravitational compaction of flocculated clay at 
shallow-burial depths, may favor initiation of microfracturing (Lash and Engelder, 2005).  
The lower Vaca Muerta Fm. is composed of alternating mudstone-wackestone, bioclastic 
siltstone, carbonate mudstone, and bentonite layers. Clay content (from XRD), of illite, smectite, 
kaolinite, and chlorite  ranges between 8 to 39 % (average of 26.6%) and carbonate content is 
between 12 and 74% (average of 27%). The lower Vaca Muerta is formed by a wavy laminated 
fabric composed of compacted shale floccules and peloids, and detrital and biogenic grains. 
Overall, the presence of calcite-filled microfractures is independent of facies in the 1010 core; 
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however, it is common to encounter them associated with facies such as mudstone-wackestone 
and bioclastic siltstone. Solution sutures filled with organic matter (bitumen), also common to 
the mudstone-wackestone facies, may be a result of the above described stage of pressure 
increase.   
Bedding-parallel calcite-filled fractures in shales may be formed as a consequence of 
overpressuring during burial (Stoneley, 1983). However, from our observations, hydrocarbon 
generation in the Vaca Muerta Fm. may have generated a second stage of fracturing. This 
fracturing phase resulted in the re-opening of previous calcite-filled fractures, providing 
preferential pathways for hydrocarbons to flow. Solution sutures filled with organic matter may 
have formed during this stage as well. Figures 3.26 and 3.28 show fractures filled with calcite 
cement and organic matter. Superposition of the organic matter over the calcite cement suggests 
a later pulse of fluid flow during hydrocarbon primary migration.   
The matrix surrounding horizontal microfractures is generally parallel to the wall of the 
fracture. This may suggest that opening of the fracture occurred at a late stage, after the 
formation had experienced significant compaction. Opening of the sub-vertical fractures and 
some bedding-plane microfractures (e.g., en echelon type) is thought to be through a single 
tectonic pulse rather than multiple stages of opening and sealing.  Calcite within the fractures 
suggests that cementation and crystal growth occurred from the wall of the fracture to a central 
seam within an already open fracture.  
Some bedding-parallel fractures are formed by a fracture swarm displaying multiple 
calcite patches, parallel one to another, rather than a single, continuous open fracture (Figure 
3.22 C and D). These calcite-filled patches are parallel to the direction of the fracture 
propagation and to bedding. Matrix inclusions are common between the calcite patches. These 
types of fractures are filled with equant calcite cement. This relationship suggests a progressive 




















3.6.6 Hydrocarbon generation pressure 
Petroleum expulsion, bedding-parallel fractures common to organic-rich shales, are 
related to an initial volume expansion followed by a pressure increase during kerogen to oil 
transformation (Meisner, 1978; Momper, 1978; Lewan, 1987).   
Among those studying bedding plane parallel fractures in organic-rich shales, there are 
two distinct theories regarding the cause of fracturing: (1) calcite cement precipitated in pre-
existing fractures, though a crack-seal process (Ramsey, 1980), and (2) the forces of 
crystallization are responsible for opening and propagation of the fractures (Taber, 1918; Means 
and Li, 1997). Based on our petrographic and CL observations, opening of bedding-plane 
microfractures and sub-vertical fractures preceded calcite cementation. From QEMSCAN 
results, bitumen ultimately entered the two types of  calcite-filled fractures, during primary 
hydrocarbon migration, probably through re-opening pre-existing fractures. 
Luo and Vasseur (1996) applied a simplified three-stage kinetic reaction model to 
simulate generation of hydrocarbons. They used a numerical model with a two-phase 
hydrodynamic formulation to calculate the effects of organic maturation on geopressure 
evolution. Berg and Gangi (1999) calculated the excess pressure generated during thermal 
cracking of kerogen. The derived equation was employed to estimate the pressure change during 
Figure 3.28. (A) SEI image of a calcite-filled fracture. (B) Note the organic matter (OM) 
between the calcite cement on the enlarged image.  
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oil generation in an Austin chalk case study.  Al Duhailan (2014) derived an equation for the 
pressure increase considering the full stages of oil generation: kerogen-to-bitumen-to-oil.  
The generation pressure was calculated using the formulation by Al Duhailan (2014).  
For this pressure calculation, a single estimated initial TOC, based on the weighted average value 
(6.18 wt%) value, was used for the entire section. 
 
Table 3.5 Generation pressure values in Psi for the kerogen-t -bitumen and bitumen-to-
oil steps based on Al Duhailan (2014). Pressure values calculated for conversion factor from 
0 to 1. 
Kerogen-to-Bitumen Bitumen-to-Oil






















Pressure values shown in Figure 3.29 are significantly higher than the values on the pore 
pressure log for the Vaca Muerta Fm. (Figure 3.27). Pressure values during the kerogen-to-
bitumen conversion factor of 0 to 1 range between 278.33 and 3991.09 psi. Pressure values 
during the bitumen-to-oil conversion range from 239.6 to 13403.88 psi. Highest pore pressure 
values in the upper and lower Vaca Muerta are 5715 psi and 7075 psi, respectively. The 
generation pressure formulation calculates the maximum pressure for a given time (and 
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conversion factor) without considering any pressure sink terms. The values on the pore pressure 
log are current pressure measurements; thus, these would reflect a depletion of the pressure 











Figure 3.29.  A) Pressure generated during conversion of kerogen to bitumen. For 100% of 
the converted kerogen, a maximum pressure of 3991 psi would be reached. B) Pressure 
generated during the conversion of bitumen into oil at maximum-modeled temperature. For 
100% of the converted bitumen, a maximum pressure of 13403 psi would be reached. 
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3.6.7 Carbon and oxygen stable isotope chemostratigraphy 
This section addresses the main controls on the variations of stable carbon and oxygen 
composition in the lower Vaca Muerta Fm. In addition, the oxygen stable isotope data provide 
the composition of the water from which the calcite precipitated.  
3.6.7.1 Carbon Stable Isotope  
The main control on carbon isotope variation in the Vaca Muerta system is productivity 
within the water column and the level of organic carbon sequestration. Carbon isotopes act like a 
closed system for the water-rock interaction; therefore, the diagenetic imprint can be largely 
disregarded. Temperature is usually a control on fractionation, but it is minimal for carbon stable 
isotopes. So, the analyzed stable carbon isotope values will provide characteristics of the fluid at 
the time of deposition. There are two main carbon reservoirs in the Quintuco-Vaca Muerta 
system: 1) oxidized inorganic carbon contained in the carbonate sediments, and 2) reduced 
organic carbon contained within the organic matter. 
A significant increase in surface-water primary productivity will result in a preferential 
partitioning of the light carbon isotope (12C) into the organic matter; therefore, the water column 
will be enriched in the heavier carbon isotope (13C). As a consequence, the Quintuco carbonate 
formation will be characterized by enrichment in the heavy isotope, showing a positive isotopic 
excursion. The sediments within the Vaca Muerta Fm., derived from 12C-rich organisms will 
then be characterized by depleted carbon isotopic values (Figure 3.30). 
3.6.7.2 Oxygen stable isotope  
The global signature of δ18O of the oceans is mostly influenced by the volume of ice, 
where ice sheets are a reservoir for waters with low δ18O, and seawater is enriched in the heavier 
oxygen isotope. Crocodile (Metriorhynchidae) and turtle fossils found in the Neuquén basin are 
indicative of warm waters with temperatures higher than 20 °C during the late Jurassic and early 
Cretaceous. The δ18O for the late Jurassic and early Cretaceous fluctuated between -2‰ and -3‰ 
PDB (Prokoph et al., 2008) (Figure 3.31). These values are a function of the isotopic 
composition and the temperature at which the carbonate cements were precipitated.  Oxygen 
isotopic ratios have been used to determine the water isotopic composition when 
paleotemperatures are known or constrained. Vice-versa, paleotemperatures may be calculated 












Calcite-water fractionation diagrams (based on the fractionation equation of O’Neil et al., 
1969 [103lnα = 2.78x106xT-2-2.89]) represent the oxygen composition of calcite precipitated 
from a specific water composition (δ18Owater) at isotopic equilibrium.  Based on this diagram for 
a given water, calcite cement oxygen isotopes will be more depleted with respect to PDB with 
increasing temperature, and thus with burial. The highest temperature modeled for the Vaca 
Muerta Formation is 125°C in the early Tertiary, and the recorded bottom hole temperature 
(BHT) is 96°C. Calculated δ18Owater values for the formation water range from 0.53‰ to 3.48‰ 
Vienna Standard Mean Ocean Water (VSMOW) for the horizontal calcite-filled microfractures 
(Figure 3.32). The average water composition for the mean temperature (110.5°C) is 2.04‰ 
VSMOW (Figure 3.34). This temperature is closer to the ~100°C modeled during the onset of 
hydrocarbon generation.  For the vertical fractures, calculated δ18Owater values are between 
0.66‰ and 3.53‰ VSMOW (Figure 3.33) with an average of 2.17‰ VSMOW (Figure 3.34).  
 
Figure 3.30.  Vertically exaggerated profile of the Vaca Muerta-Quintuco system showing the 










Thus the original composition of the formation water from which the calcite for the 
horizontal and vertical fractures precipitated is estimated to be δ18Owater 2.11 ‰ SMOW (Figure 
3.35).  
The isotopic composition of δ18Ocal for the calcite in equilibrium with the estimated 
normal marine water (δ18O water 2.11 ‰ SMOW), at temperatures between 20 and 25°C, is 
between -0.33 and 0.7‰ PDB, with a mean value of 0.19‰ PDB (Figure 3.35). This oxygen 
isotopic composition is significantly heavier than measured values for both the vertical and 
horizontal calcite-filled fractures (-11.62‰ and -12.29‰, respectively). The recorded oxygen 
signature values for both fractures types are too light to reflect equilibrium precipitation under 
normal marine conditions. Thus, the first assumption would be to consider late diagenetic events 
resulting from increasing temperatures during burial. By comparing values of the δ18O of the 
Figure 3.31.  Isotopic composition of marine oxygen and carbon isotopes though geologic time. 
(Modified from Prokoph et al., 2008). Between the late Jurassic and the Early Cretaceous δ18O ranged 
between -2 and -3‰ and the δ13C ranged between 0 and 1.5‰, with both relative to PDB. 
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lower Vaca Muerta matrix (-8.24 ‰ VPDV) with calcite within the vertical and horizontal 
fractures, different pore fluids and environments are inferred. This is consistent with the CL 
observations. Isotopic compositions of the calcite cement indicate a relatively late diagenetic 
origin. Thus, calcite filling the fracture precipitated from a formation water at great depths. 
Figure 3.36 depicts where δ18O values of the lower Vaca Muerta Fm. and the calcite-
filled fractures plot relative to marine calcite values for the late Jurassic (Prokoph et al., 2008). 
The dashed box on the figure represents normal marine calcite values during Vaca Muerta time. 
Calcite cements analyzed in this study may attribute their light (negative) carbon and 
oxygen values to a few factors. Depleted carbon isotopic values are measured for calcite cement 
within the sub-vertical and horizontal fractures, and also for the matrix of the lower Vaca 
Muerta. All carbon isotopic values for fracture cements plot within a relative narrow range 
(Figure 3.36). Depleted carbon values are directly related to the substantial organic matter 
content within the Vaca Muerta Fm. Significant amounts of CO2 may be formed from organic-
rich shales through the chemical reaction of water and kerogen (Pitman et al., 2001). As a result, 
part of the carbon may partition into the calcite cement, resulting in depleted carbon values.  
Oxygen isotopic compositions measured for calcite within the vertical and horizontal 
fractures are significantly more depleted than the oxygen isotopic composition of the lower Vaca 
Muerta. Precipitation of calcite under high temperature conditions yields significantly more 
negative oxygen isotopic values than primary depositional calcite. As a result of progressive 
burial and attendant higher temperatures, more negative oxygen values are expected.  Because 
fewer fluids are in contact with the sediments due to low matrix permeabilities, there will be less 
ionic exchange, and the system becomes more closed. The formation waters will still contain 
more oxygen than the solid phase; thus, they will control the isotopic ratio of the calcite. As a 
result, the isotopic composition of calcite precipitated within horizontal and vertical fractures 
shows highly depleted values due to cementation at burial temperatures. Marshall (1982) also 
reported δ18O values ranging from -4 to -11‰, indicative of a relatively late diagenetic origin 
after significant burial, for fibrous calcite veins in British Jurassic and Lower Cretaceous shales.  
If calcite within the Vaca Muerta fractures and the matrix had been precipitated under the 
same conditions, the same diagenetic path would be expected. If this was the case, the result 
should be similar oxygen isotopic compositions. However, oxygen isotopic compositions are 
much lighter for calcite within the fractures; therefore, the conditions for calcite precipitation are 
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assumed to be different. More specifically, calcite within the fractures precipitated in a later 
stage and from a water formation at greater depth. 
3.6.8 Scenarios for fracturing, calcite cementation and hydrocarbon generation  
Based on the collected data and observations, three different scenarios are presented 
herein for the timing of fracturing and calcite and hydrocarbon precipitation within the fractures 
in relation to the main stress change, hydrocarbon generation, and maximum burial (Figure 
3.37).   
As previously mentioned, rotation of the stress vector from N40°W to almost orthogonal 
between the Pacific plates and South America that occurred during the mid-Cretaceous probably 
caused opening of the sub-vertical fractures. Bedding-parallel fractures occurring in en echelon 
arrays could also be related to this process. However, not all bedding-plane fractures display 
these arrays; thus, an additional process may be inferred. As vastly discussed in the literature, 
hydrocarbon generation pressure could be an additional process for bedding plane fracturing at 
the end of the Cretaceous. Sub-vertical and horizontal calcite-filled microfractures show the 
presence of bitumen under UV light, and along with fragments of the surrounding matrix 
embedded within the cement. These features may suggest multiple episodes of opening and 
sealing of the veins (Parnell et al., 2000).  
Scenario 1 proposes that after opening of the sub-vertical fractures due to the main stress 
field, these fractures remained open and provided flow paths for undersaturated fluids. In the late 
Cretaceous, during the onset of hydrocarbon generation, the produced overpressure generated 
bedding-parallel fracturing. Ultimately, calcite precipitation was followed by hydrocarbon 
precipitation within bedding-parallel and sub-vertical fractures. This scenario suggests that both 
types of fluids commingled within the fractures.  
Scenario 2 suggests that sub-vertical and partial bedding-parallel fracturing was related to 
the main stress field in the mid-Cretaceous. Open fractures provided flow pathways first for 
undersaturated formation fluids and then to hydrocarbons. A second stage of bedding-plane 
fracturing may be related to the onset of hydrocarbon generation. Later, fracture cementation 
occurred through calcite precipitation within the sub-vertical and bedding-parallel fractures. 
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Figure 3.32. Calcite-water fractionation curves, with δ18Ocalcite plotted versus temperature for a variety of water 
compositions. δ18Owater is estimated using -12.42‰ PDB δ18Ocalcite average calcite composition, and a 
temperature range of 125°C and 96°C. The estimated δ18Owater from the horizontal calcite-filled fractures ranges 
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 Figure 3.33. Calcite-water fractionation curves, with δ18Ocalcite plotted versus temperature for a variety of water 
compositions.  δ18Owater estimated using -12.29‰ PDB δ18Ocalcite average calcite composition, and a temperature 
range of 125°C and 96°C. The estimated δ18Owater from the vertical calcite-filled fractures ranges between 0.66‰ 
































Mean T 110.5 °C 
Vertical
.  ‰ SMOW
Horizontal
.  ‰ SMOW
Average δ18O 
water




Figure 3.34. Calcite-water fractionation curves, with δ18Ocalcite plotted versus temperature for a variety of water 
compositions. For a mean temperature value of 110.5°C, the water oxygen isotopic composition (δ18Owater) from 
which calcite of the horizontal fractures precipitated was 2.04‰ VSMOW. The water oxygen isotopic composition 
from which calcite within the sub-vertical fractures precipitated is 2.17‰ VSMOW. The average oxygen isotopic 
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Figure 3.35. Calcite-water fractionation curves, with δ18Ocalcite plotted versus temperature for a variety of water 
compositions. Average water oxygen isotopic composition is 2.11‰ SMOW.  Normal surface temperature for calcite 
precipitation is assumed between 20 and 25°C. Oxygen isotopic composition for a calcite precipitated under this condition 
is estimated range between -0.33 and 0.70‰ PDB, with an average of 0.19‰ PDB. These values are heavier than the 
values measured for isotopic composition of the calcite within the sub-vertical and horizontal fractures. 
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  Scenario 3 also has opening of sub-vertical and bedding-parallel fractures related to the 
main stress field in the mid-Cretaceous. This scenario, however, proposes calcite cementation of 
fractures prior to hydrocarbon generation. Due to hydrocarbon generation pressure, a second 
stage of bedding plane microfractures may have been generated. During hydrocarbon primary 
migration, previously cemented sub-vertical and bedding-parallel fractures were re-opened and 
may have served as migration pathways for hydrocarbons.   
Figure 3.36. Cross plot illustrating 41 δ18O values plotted against δ13C values for samples 
analyzed from vertical and horizontal calcite-filled fractures, the Vaca Muerta matrix, a bioclastic 
fragment (bivalve), a concretion, calcite in equilibrium with water, and secular variation data 
from Prokoph et al. (2008). Different data clusters may be a result of different water-rock 
interaction at different burial depths. Normal marine conditions for the late Jurassic are 
represented by the dash-lined box. Measured oxygen and carbon isotopic composition values 
differ from estimated values for the time of the Vaca Muerta deposition in the Late Jurassic.  
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Petrographic observations (SEM and CL), QEMSCAN consistently show organic matter 
(bitumen) overlying, and thus postdating, the calcite cement.  The most accepted scenario in the 
scientific community is Scenario 1. In order to be certain that calcite-saturated formation fluids 
commingled with hydrocarbon fluids, fluid inclusion data are needed. Isotope chemostratigraphy 
and CL results suggest that calcite cement precipitated from a single fluid phase within all 
analyzed fractures. Thus, all fractures must have been open, serving as flow paths for 
undersaturated fluids until time of cementation. In addition, we propose that hydrocarbon 
migration postdated calcite cementation (Scenarios 2 and 3). The estimated average temperature 
of 110.5°C for calcite cement within both types of fractures, is close the temperature during the 
onset of hydrocarbon generation (~100°C). Therefore, calcite precipitation may have occurred 
during this time, rather than earlier in the Cretaceous as proposed by Scenario 3. Overpressure 
during hydrocarbon generation may have generated a second family of microfractures, as 
proposed by Scenario 2. All open fractures were healed at the same time with the same formation 
fluid.   
3.7 Conclusions 
Bedding parallel calcite-filled microfractures are the most common fractures across the 
studied interval, and are orders of magnitude smaller than the sub-vertical calcite-filled fractures. 
Fibrous calcite-filled microfractures, or Beef are more commonly observed at a larger scale and 
in hand samples. Smaller calcite-filled bedding-parallel fractures are cemented with equant 
calcite. Cement growth within the bedding-parallel microfractures occurred from the edge of the 
wall to a central suture. Sub-vertical calcite-filled fractures are also filled with equant cement. 
According to the burial history of the 1010 well, the Vaca Muerta Fm. entered the early 
oil window at 68 Ma, in the late Cretaceous, with a formation temperature of ~100°C. The 
formation reached the maximum temperature of 125°C in the early Cenozoic, at a maximum 
burial depth of about 3600 m.  
Rotation of the convergence vector from N40°W to almost orthogonal between the 
Pacific plates and South America occurred during the mid-Cretaceous, and may be related to the 
sub-vertical fracturing because the strike orientation of these fractures is also in the E-W 
direction. Horizontal microfractures displayed in en echelon structures may also be related to this 
stress regime.  
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 Figure 3.37. Three possible scenarios for fracturing and calcite and hydrocarbon precipitation within the fractures in relation to the 




As seen on the pore pressure log, the lower interval of the Vaca Muerta Fm. is 
significantly overpressured. Organic matter richness from source rock analysis data registered 
values up to 9.5 wt.%. TOC values that correspond to the highest microfracture density interval 
are 6.8 wt.%. Generation pressure values during the kerogen-t -bitumen conversion factor of 0 to 
1 range between 278 and 13404 psi and from 240 to 13404 psi for the bitumen-to-oil conversion 
stage. Although the generation pressure formation only calculates the maximum pressure for a 
given time, partial bedding-plane microfracturing may be attributed to these large pressure 
values.  
Calcite-filled fractures analyzed under CL displayed an overall bright orange 
luminescence, meaning the calcite precipitated from a fluid rich in Mn and Fe under reduced 
conditions. No cement zoning due to different fluids is present. Based on these petrographic 
observations, calcite cementation occurred from a single fluid phase for both types of fractures. 
Due to the difference in luminescence and color between the calcite cement within the fractures 
and the matrix, multiple fluids and cementation phases are inferred. Calcite within the fractures 
precipitated from a more reduced fluid with higher Fe value. In addition, CL observations 
indicate that calcite precipitation in the fractures occurred prior to pyritization of the formation. 
Therefore, Fe available in the solution was incorporated into the calcite rather than into pyrite. 
These observations imply that the main fluid flow occurred through the fractures rather than 
across the matrix, which was mainly cemented in an earlier stage. 
 Carbon and oxygen isotopic signatures for sub-vertical and bedding-parallel fractures are 
the same. Depleted carbon isotope values of calcite cement within both types of fractures has 
inherited the carbon isotopic composition of the matrix. Depleted carbon values are due to the 
organic richness of this formation, where, part of the carbon from the generated CO2 is 
partitioning into the carbon values. However, oxygen isotopic compositions measured for the 
calcite within the vertical and horizontal fractures is significantly more depleted than the oxygen 
isotopic composition of the lower Vaca Muerta matrix suggesting an open system. The 
significantly depleted values presented herein are a result of a relatively late diagenetic origin 
under progressive burial. Calcite within the fractures precipitated during a later stage and from a 
water formation at greater depths and temperatures. 
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Based on the collected data and observations, three different scenarios are presented in 
this study for the timing of fracturing and calcite and hydrocarbon precipitation within the 
fractures in relation to the main stress change, hydrocarbon generation and maximum burial. 
Sub-vertical and bedding-parallel fracturing (including en echelon fractures) was probably 
related to the main stress field during the later part of the Cretaceous. An additional second stage 
of bedding-plane fracturing may be related to the onset of hydrocarbon generation. This 
fracturing stage may be supported by the generation pressure values calculated herein. Open 
fractures provided flow pathways first for undersaturated formation fluids. Later, fracture 
cementation occurred through calcite precipitation within the sub-vertical and bedding-parallel 
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ELEMENTAL AND ISOTOPIC CHEMOSTRTAIGRAPHY OF THE VACA MUERTA 
FORMATION, NEUQUEN BASIN, ARGENTINA.  
This chapter addresses the application and integration of petrography, carbon, oxygen 
and elemental chemostratigraphy towards a sequence stratigraphic framework of the Vaca 
Muerta Formation in the Neuquén Basin.  
4.1 Abstract 
Recent technological advances have turned the Vaca Muerta Formation, the most prolific 
source rock in the Neuquén Basin of Argentina, into a productive unconventional play. Multi-
disciplinary analysis is critical in characterizing the most optimum reservoir intervals.  
The Vaca Muerta Formation is mainly composed of alternating black shales and marls. 
Because of the fine-grained nature of this Formation, analyses such as elemental and stable 
carbon isotope chemostratigraphy aid in understanding these lithologies and stratal relationships. 
The applicability of hand-held energy dispersive x-ray fluorescence spectrometer (ED-XRF) 
devices has recently become widely recognized for mudrock geochemistry.  
This study characterizes the most complete suite of elements necessary to characterize 
chemostratigraphic subdivisions in the Vaca Muerta Formation. Through factor analysis and 
stratigraphic profiles of individual elemental concentrations, as well as, profiles of important 
elemental ratios three consistent elemental groups of proxies were identified: (1) detrital – Al, Ti, 
Si, Ga, Nb, Th, Zr, K, Cr and Rb; (2) carbonate - Ca and Sr; (3) redox and/or organic matter- 
Mo, Zn, Ni, V, Cu, As. 
Cuttings data based on a three-meter sampling interval covering the entire Vaca Muerta 
Formation are calibrated to a high-resolution chemostratigraphic subdivision of the core from the 
lowermost part of the Formation within the Neuquén embayment area. The core of this study is 
interpreted to be a condensed section within the Quintuco-Vaca Muerta system where fourteen 
parasequences were interpreted. Chemostratigraphic signatures of five facies from the lower 
Vaca Muerta were calibrated to elemental signatures identified for the rest of the Formation. 
High frequency stratigraphic sequences identified in core are related to lower frequency 
sequences on a broader correlation based on log signature combined with elemental data. The 
time-transgressive nature of the Vaca Muerta Formation can be correlated by using a sequence 
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stratigraphic approach, where older units to the east prograde onto younger strata to the west. 
The sequence stratigraphic model herein shows three sequences from the lower to the upper 
Tithonian. Well correlation is based on a sequence stratigraphic interpretation where highstand 
systems tracts (HST’s) are characterized by large calcium positive excursions and transgressive 
systems tracts (TST’s) contain high molybdenum and nickel peaks, especially towards the 
bottom of the interval. For all wells and throughout the entire Vaca Muerta Formation, when 
comparing carbonate-rich facies and clay-rich facies, the former have more positive δ18O and 
δ13C values. Therefore, HST’s are characterized by heavier isotopic composition than TST’s.  
Carbon and oxygen data were used to compare trends on the δ13C and δ18O curves and use them 
as chronostratigraphic correlation tools. However, isotopic signatures of whole rock samples 
from cuttings appear to be dominated by the significant organic matter content and diagenesis.  
 TOC correlations highlight the richest units within the interval of interest. Element-TOC 
correlations show Ni and Cu as best proxies for TOC. In addition, correlations of TOC with Si, 
Ni, Mo and Ca depict elemental cutoff values for low (<2 wt.%) moderate (2-5 wt.%) and high 
(>5 wt.%) TOC values.  
4.2 Introduction 
The main source rock of the Neuquén Basin, the Vaca Muerta Formation, has recently 
being targeted as an unconventional reservoir. The Vaca Muerta Fm. is mainly composed of 
alternating black shales and marls; showing an apparent homogeneity. However, the enormous 
variability of a mudstone succession in terms of mineralogy, grain size, fossil content, trace 
element geochemistry and organic matter content  (Schiber, 1999) is a function of the detrital 
input, chemical conditions at the sediment-water interface, primary production, bottom water 
layers and the rates of sediment accumulation (Aplin and Macquaker, 2011). Delivery and 
transport of fine grained sediments into the basin is through bound clay-sized particles where 
settling velocities are increased. Mudstones are characterized by the presence of aggregates 
formed by either chemical or biological processes (Aplin and Macquaker, 2011) 
Accumulation of organic matter in mudstones is controlled by nonlinear interactions of 
three main variables: rates of production, destruction, and dilution (Bohacs et al., 2005). The 
concept of the need for anoxic bottom water to preserve organic matter has been long accepted in 
the scientific community (e.g., Demaison and Moore, 1980). This is related to an apparent 
preservation of the lamination at hand sample scale and thus the absence of bioturbation by 
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macrobenthos. Loucks and Ruppel (2007) noted limited evidence of bioturbation in the Barnett 
Shale suggesting mostly anoxic conditions. Researchers have also shown that many organic-rich 
mudstones are bioturbated by millimeter scale organisms negating the necessity for persistent 
and long-term bottom water anoxia as a prerequisite for organic matter preservation (Schieber, 
1999; Macquaker et al., 2007; Aplin and Macquaker, 2011).  Degree of pyritization (DOP) may 
also be used to identify sediments deposited under different conditions: sediments from oxic 
environments (<0.42) will show lower values than sediments from suboxic or anoxic (0.55-0.93) 
environments (Jones and Manning, 1993).  
The Vaca Muerta Formation has been studied using a sequence stratigraphic framework 
since the 1980’s (e.g. Mitchum and Uliana 1982, 1985; Gulisano et al., 1984; Legarreta and 
Gulisano, 1989; Legarreta nd Uliana, 1996).  Physical, biological and chemical properties of 
mudstones vary in systematic ways that can be deciphered and predicted within an integrated 
sequence –stratigraphic framework (Bohacs et al., 2014).  
Several authors, (e.g., Legarreta and Gulisano, 1989; Legarreta and Uliana, 1991 and 
1996) interpreted the Tithonian-Valanginian strata as a second-order eustatic cycle, combined 
with continuous regional subsidence controlled by thermal cooling. This process was probably 
accompanied by low clastic supply, suitable for anaerobic-dysaerobic condensed sedimentation 
(Doyle et al., 2005). Mitchum and Uliana (1985) defined nine depositional sequences (A-I) for 
the Tithonian-Valanginian time period. These depositional sequences were included as part as 
the lower Mendoza Megasequence by Legarreta and Gulisano (1989). They were correlated to 
third-order eustatic variations in the global chart by Haq et al. (1987).  Sales et al. (2014) 
identified at twelve trangresgressive-regressive cycles within the embayment area. Kietzmann et 
al. (2014) further subdivided the Vaca Muerta Formation into fifteen higher frequency 
depositional sequences, where five lower order transgressive-regressive cycles were identified.  
The interest of YPF for hydrocarbon exploration in the Neuquén basin between the 1960s 
and the 1990s (Howell et al., 2005) resulted in the development of regional sequence and seismic 
stratigraphic studies (e.g., Gulisano et al., 1984; Mitchum & Uliana 1985; Legarreta and 
Gulisano 1989). Most of the published contributions regarding sedimentary geology studied in 
the Neuquén basin are from the southern part of the basin (Spalletti et al, 2000, 2008; Scasso et al., 
2005) and southern Mendoza area (Doyle et al, 2005;  Kietzmann et al., 2008, 2011, 2013) 
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This chapter focuses on the identification of depositional sequences within the Vaca 
Muerta Formation in the Neuquén embayment area basin, and their correlation through isotopic 
and elemental chemostratigraphic proxies within a sequence stratigraphic framework.  
4.3 The Neuquén basin and the Vaca Muerta Formation  
The Neuquén basin of West-Central Argentina is located east of the Argentinean and 
central Chilean Andes, between latitudes of 36°S and 40°S in northern Patagonia. The triangular-
shaped basin is bounded by the Sierra Pintada to the northeast and the North Patagonian Massif 





















Figure 4.1. (A) Location map showing well location (red dots), Loma Jarillosa Este block  
(green). SEQ A through H, represent the pattern of the depositional axes and associated 
shelf margins for the Tithonian-Valanginian by Mitchum and Uliana (1985). Sequences A–
H are 3rd order sequences where the oldest sequences occur further to the east and south and 
younger sequences successively build basinward from both the southern and northeastern 





Legarreta and Gulisano (1989) subdivided the Phanerozoic sediments in the Neuquén 
basin into three first-order megasequences, known as the Lower, Middle, and Upper 
Megasequences. The first-order Middle Megasequence, known as the Andic cycle, is a 
transgressive-regressive cycle deposited after the Intermalmic orogenic phase. The Lower 
Mendoza Group, deposited from the Tithonian to the Early Valanginian, is part of the Middle 
Megasequence and represents a second-order cycle including offshore to continental deposits. 
This study is focused on the Lower Mendoza Group (Figure 4.2).  
During the early sag phase beginning in the Upper Jurassic, a thick series of Tithonian - 
Early Valanginian sandstones, shales, and carbonates of the Lower Mendoza Group 
accumulated. These rocks are known as the Vaca Muerta, Quintuco, Loma Montosa, Mulichinco, 
and Agrio formations. Subsidence histories based on well data suggest that this period is 
associated with slow and constant thermal subsidence. Evidence of moderately low and constant 
siliciclastic input, including the abundance of autochthonous carbonate sediments such as ooids, 
are also present (Mitchum & Uliana, 1985). 
The Tordillo Formation underlying the Vaca Muerta is a basal transgressive siliciclastic 
unit composed of fluvial and eolian sediments deposited in the Late Jurassic, Kimmeridgian 
stage.  
The Tordillo-Vaca Muerta contact marks the beginning of the marine Tithonian 
transgression and is an isochronous contact throughout the basin (Leanza, 1981). The Vaca 
Muerta Formation consists partly of dark, organic-rich basinal shales. The diachronous nature of 
this formation is reflected by the presence of early Tithonian shales in the eastern areas, with 
progressively younger Valanginian shales towards the west (Mitchum & Uliana, 1985). 
The Quintuco Formation, a shallow carbonate unit deposited in the Berriasian, overlies 
the Vaca Muerta. The Quintuco gradually transitions upward and laterally into the Loma 
Montosa Formation, which is a marginal marine, oolitic limestone interbedded with evaporites 
and fine-grained clastics. In the eastern part of the Neuquén basin, the Quintuco is an important 
oil- and gas-bearing interval (Urien and Zambrano, 1994). 
Carbonate sedimentation was replaced by siliciclastic deposition of the Mulichinco 
Formation in the Valanginian. An intra-Valanginian unconformity separates underlying marine 
deposits from an overlying non-marine lowstand wedge. The Mulichinco was formed on top of a 
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previous ramp setting, following a tectonic inversion pulse and subsequent fall of relative sea 
level. The terrestrial fluvial-deltaic and shallow-marine setting was replaced by a deeper-marine 
setting as a new transgressive event began in the Late Valanginian. This led to the deposition of 
outer-shelf black shales of the Agrio Formation.  
Mitchum and Uliana (1985), based on seismic, outcrop and well data from the Neuquén 
embayment, established a sequence stratigraphic correlation for the Tithonian-Valanginian 
interval. They subdivided the mixed carbonate/clastic system into nine depositional sequences by 
defining third-order cycles and representing them by clinoform sets (Figure 4.1A). Facies 
associations vary according to assignments of depositional environments within clinoform sets. 
The Vaca Muerta Formation represents the facies deposited at the bottomset and is described as 
predominantly basinal sediments.  
4.3.2 The depositional model 
The majority of the outcropping succession in the Neuquén region was deposited in the 
Jurassic - Cretaceous post-rift basin. Thickness of the basin fill reaches over 4000 m (Vergani et 
al., 1995; Howell et al., 2005). Evolution of this basin is related to steep subduction, followed by 
the formation of a magmatic arc along the western margin of Gondwana, which then led to 
broad-scale back-arc subsidence (Ramos, 1999). 
The stratigraphic record in the basin shows evidence of cyclic sea-level changes caused 
by interactions among eustatic oscillations, thermal subsidence associated with extension, and 
local uplift and inversion. The Lower Mendoza Group of the Tithonian - Early Valanginian is a 
record of an extensive second-order highstand, comprising offshore to continental deposits. The 
major transgressive event in the Tithonian was then followed by a regressive event between the 
Late Berriasian and the Early Valanginian (Figure 4.3). 
4.4 Materials and methods 
One core (18.20m or 59.71ft long) from the lowermost interval of the Vaca Muerta 
Formation and four wells with cuttings that cover the entire Vaca Muerta Fm. were used for the 
present study. The drill core is PLU.Nq.lje-1010 (1010); the cuttings are from Medano de la 
Medano de la Mora x-1 (MDME x-1), Bajada del Palo x-3 (BP x-3), Jaguel del Rosauros x-1 










Figure 4.2.  Stratigraphic column of Paleozoic-Cretaceous interval for the 
Neuquén basin (modified after Howell et al., 2005). The Kimmeridgian-
Valanginian formations have been color coded. The Intravalanginian 











The top and bottom of the Vaca Muerta Formation for wells MDME x-1, BP x-3, JDR x-
1 and, PSNO x-1  were identified through petrographic observation of the cuttings (Figures 4.4 
and 4.5), based on compositional variations (e.g., clays and carbonate content)  and, color change 
of the cuttings. These were further confirmed with gamma ray, resistivity and sonic logs, when 
available.  
4.4.1 Stable isotope data  
Carbon and oxygen isotope samples are collected as whole rock samples with a handheld 
Dremel drill. Cutting samples were observed under the microscope to obtain a homogenized 
Figure 4.3.  Second-order cycles between the Early Tithonian and the Early Valanginian, 
causing shifts in depositional environments (modified from Aguirre-Urreta, 2001) 
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matrix that avoided “contamination” from shell fragments and calcite-filled fractures. Sample 
spacing was on a-two-foot basis for the core and every three meters for the cuttings. 
 
100 % Quintuco Fm.60 % VM        40 % Quintuco












Figure 4.4.   Cuttings samples for four different depths showing variation in the 
mineralogical composition. The top of the Vaca Muerta Fm. was picked based 
on color and variations in clay (< 20%) and carbonate (80%) content. A sample 
from the Quintuco was used as reference.  
Figure 4.5.  Cuttings samples from two depths showing variation in the mineralogical 
composition. The base of the Vaca Muerta Fm. was picked based on color and 




Carbon and oxygen isotope analytical measurements for PLU.Nq.lje-1010 core, and JDR 
x-1 well with cuttings were collected on a GV Instrument IsoPrime stable isotope ratio mass 
spectrometer at Colorado School of Mines Stable Isotope Lab. All samples were reacted on-line 
at 90°C in a GV Instruments MultiPrep preparation device. The resulting CO2 was cryogenically 
purified and analyzed by standard duel-inlet techniques. Stable isotope analysis for wells MDME 
x-1, BP x-3 and PSNO x-1 was done at the University of New Mexico Center for Stable 
Isotopes. Measurements were collected on a Thermo Scientific Delta V mass spectrometer with a 
dual inlet and Conflo IV.  
Collected data are reported as per mil (‰) difference in reference to the international 
reference standard, the Vienna PeeDee Belemnite (VPDB). Repeated analysis of an in-house 
carbonate standard, calibrated to VPDB via NBS and IAEA standards, has yielded an external 
precision of 0.03‰ for carbon and 0.08‰ for oxygen for this study. 
4.4.2 Energy dispersive x-ray fluorescence 
Elemental abundance and variations were acquired through a handheld energy dispersive 
x-ray fluorescence (ED-XRF) analyzer (Figure 4.6). Handheld ED-XRF is a convenient, efficient 
and rapid technique for elemental analysis. It is a nondestructive technique with a relatively 
simple sample preparation.  
The Bruker Tracer IV was used to acquire the elemental data from the Vaca Muerta 
Formation. The detector used is a 10 mm2 XFlash SDD with a resolution of 145 eV at 100,000 
cps. Core electrons are excited up to a maximum voltage of 40 kV. The ED-XRF handheld uses 
high-energy photons to interact with electron clouds on a 3x4 mm area of the sample.  The 
registered fluorescence emitted by the transition of high-energy electron into lower levels is used 
as a semi-quantitative element concentration measurement. Rowe et al. (2012) built a calibration 
to convert the ED-XRF results into quantitative data through high accuracy techniques (e.g. 
inductive coupled plasma mass spectrometry, ICPMS). The measured data is interpreted with 
Bruker PISXRF software to assign relative abundances for each element. 
Elemental measurement was conducted on all cored interval and cuttings from the Vaca 
Muerta Formation. The surface of the core was cleaned to avoid contaminants from possible 
dust, acids, brines or drilling fluids. Well cuttings were previously cleaned and observed under 
microscopy to avoid undesired particles. Heterogeneities on the core such as bioclastic fragments 
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and fractures were systematically avoided to measure the most accurate the elemental 
composition of the matrix. 
Measurement time was established to be long enough to record a stable and accurate 
response. Total analysis time was 90 seconds: 30 seconds for major element analysis and 60 
seconds for trace element analysis. Mudrock calibration from Rowe et al., (2012) was applied to 
all the measurements.  
Major and trace elements were measured with different settings. Major elements were 
measured with a 15 kilovolt, 25 microamp photon beam with no filter.  An air pump was used to 
create a vacuum for major elemental measurements with the purpose of removing the 
interference of elements lighter than argon (Ar). These settings measure elements ranging from 
argon (Ar) to iron (Fe). Trace elements were measured with a 40 kilovolt, 16 microamp photon 
beam with a 0.001 in Ti, 0.012 Al filter. No vacuum was used in this case. The measured trace 
elements range from iron (Fe) to uranium (U). 
  Sampling intervals for major and trace element measurements were taken on a three-
meter interval for the cuttings. Measurements on the core were taken every 10 centimeters on 
average with higher resolution for some of the core intervals.  
After the data was collected, peak assignment was conducted using the Bruker’s S1PXRF 
software using the T4S2572 MA1 and TR2 mudrock calibration files for major elements and 
trace elements, respectively. The S1CALPROCESS software is calibrated by Bruker based on 
Rowe et al. (2012). They measured 90 standards from varying mudrock formations through wave 
dispersive x-ray fluorescence (WD-XRF), ED-XRF, and calibrated to inductively coupled 
plasma mass spectrometry (ICP-MS) measurements. Through this calibration, the measured 
elemental abundances can converted into weight percent (wt. %) and parts per million (ppm) to 
provide a more quantitative elemental measurement. While most of the elemental measurements 
acquired in that study showed good correlations (with slopes near unity) with the accepted 
values, poor correlations were observed for P, S, Ba and Cr. 
When measuring elemental concentration with the hand held ED-XRF from the cuttings, 
a portion of the available sample was used. So, in order to verify that the elemental 
measurements were representative of the sample as a whole, reproducibility and repeatability 
tests were performed. The aim of these sensitivity tests is to verify and ensure the accuracy of the 
















Reproducibility tests on the cuttings show the variability of the elemental concentration 
for different measurements. Three consecutive measurements for major and trace elements were 
taken from an identical sample. Reproducibility test results on sample 2643 from well BP x-3 are 
shown on figure 4.7 and standard deviation measurements are reported on table 4.1 and table 4.2. 
Standard deviations were calculated to verify the deviation of each of the elemental data for all 
three measurements. Overall both trace and major elemental data measurements registered low 
standard deviation measurements supporting the accuracy of the measurements. Standard 
deviation for major elements is below 0.049771. However, Aluminum and calcium recorded 
notably high standard deviation values, 0.14339 and 0.102849, respectively. Standard deviation 
values for the trace elements are below 0.0008. The level of confidence when measuring 
elemental concentrations on these samples is thus acceptable. The inconsistent measurements 
Figure 4.6.  Handheld ED-XRF instrument display during sample measurement. Air pump 
connected to instrument is used during major element data acquisition. Major and trace 
elemental abundances are stored on S1PXRF software for peak assignment.  
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with high standard deviation values are probably due to low elemental concentration or real 






Table 4.1. Standard deviation values of major elements for consecutive three 
measurements from sample 2643 from well BP x-3. 
BP x-3 2643 Major Elements
Measurement Si Ca Na Mg Al P S K Ti Mn Fe
1 10.3627 13.0196 0.3952 0.0000 1.6282 0.5466 1.3888 0.9608 0.1512 0.0145 1.4324
2 10.4793 12.9840 0.4021 0.0430 1.9483 0.5285 1.3818 0.9582 0.1396 0.0148 1.4300
3 10.3901 12.7858 0.4044 0.0435 1.6631 0.5496 1.3745 0.9434 0.1387 0.0152 1.3490
Stad dev. 0.049771 0.102849 0.003914 0.020382 0.143391 0.009324 0.00584 0.007629 0.005671 0.000253 0.038769 
 
Table 4.2. Standard deviation values of trace elements for consecutive three 
measurements from sample 2643 from well BP x-3. 
 
4.4.2.2 Repeatability 
The repeatability test was conducted to verify the accuracy of the measurements over a 
representative sample taken from the entire provided sample. As mentioned earlier, a fair amount 
Figure 4.7.  Reproducibility test results showing three measurements on sample 2643 from 
well BP x-3. Trace and major elemental measurements were performed on the exact same 
sample consecutive. Major elements Si and Ca were removed from the diagram due to 
scaling issues.   
BP x-3 2643 Trace Elements
Measurement Cr Ba Co Ni Cu Zn Ga As Pb Th Rb U Sr Y Zr Nb Mo
1 0.0059 0.0134 0.0005 0.0092 0.0020 0.0073 0.0010 0.0008 0.0012 0.0006 0.0055 0.0000 0.0382 0.0038 0.0093 0.0010 0.0042
2 0.0077 0.0752 0.0006 0.0089 0.0025 0.0070 0.0009 0.0011 0.0012 0.0005 0.0055 0.0012 0.0371 0.0042 0.0091 0.0010 0.0034
3 0.0059 0.0518 0.0006 0.0091 0.0025 0.0073 0.0009 0.0012 0.0013 0.0005 0.0058 0.0009 0.0387 0.0045 0.0080 0.0011 0.0027
Stad dev. 0.0008 0.0255 0.0001 0.0001 0.0002 0.0002 0.0001 0.0002 0.0001 0.0000 0.0001 0.0005 0.0007 0.0003 0.0006 0.0001 0.0006
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of sample was provided for elemental measurement. Only a part of the entire sample is actually 
used for chemical measurement, thus the aim of this test is to verify that any smaller amount 
from the whole will be representative of the entire interval. In this case, three measurements 
were conducted on three different sample amounts from the whole sample. Figure 4.8 displays 
these results and standard deviation values are shown in table 4.3 and 4.4. Phosphorous (P) 
measured the largest standard deviation (0.5904) among major elements. For the rest of the 
major elements, standard deviations were lower than 0.24 and lower than 0.00168 for the trace 
elements. The level of confidence when measuring major and trace elemental concentrations on a 




Table 4.3. Standard deviation values of major elements from three measurements for the 
repeatability test on sample 2661 from well BP x-3 
BP x-3 2661 Major Elements
Measurement Si Ca Na Mg Al P S K Ti Mn Fe
1 1.1266 0.7063 0.0000 0.0000 0.4164 9.1977 0.1699 1.3862 0.1072 0.0107 1.1756
2 1.3729 0.9468 0.0000 0.0000 0.4435 8.6146 0.2502 1.4142 0.1303 0.0126 1.2504
3 1.7315 1.0190 0.0000 0.0000 0.4298 10.0523 0.2082 1.6252 0.1468 0.0144 1.3994
Stad dev. 0.2484 0.1337 0.0000 0.0000 0.0111 0.5904 0.0328 0.1067 0.0163 0.0015 0.0930  
Table 4. 4. Standard deviation values of trace elements for from three measurements for 
the repeatability test on sample 2661 from well BP x-3.
BP x-3 2661 Trace Elements
Measurem
ent Cr Ba Co Ni Cu Zn Ga As Pb Th Rb U Sr Y Zr Nb Mo
1 0.0068 0.0675 0.0006 0.0119 0.0031 0.0062 0.0011 0.0008 0.0014 0.0007 0.0072 0.0016 0.0254 0.0042 0.0089 0.0007 0.0076
2 0.0100 0.0734 0.0006 0.0140 0.0036 0.0103 0.0011 0.0017 0.0015 0.0007 0.0071 0.0016 0.0258 0.0046 0.0114 0.0008 0.0092
3 0.0100 0.0137 0.0005 0.0144 0.0032 0.0077 0.0010 0.0015 0.0013 0.0005 0.0062 0.0007 0.0272 0.0034 0.0108 0.0007 0.0107
Stad dev. 0.00148 0.02686 0.00006 0.00110 0.00023 0.00168 0.00004 0.00038 0.00010 0.00012 0.00045 0.00044 0.00078 0.00052 0.00106 0.00007 0.00125  
Figure 4.8. Repeatability test results showing three measurements on different sample 
portions for sample 2661 from well BP x-3. Trace and major elemental concentrations were 
measured.    
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4.4.3 Source Rock Analyzer (SRA) 
The aim of the source rock analyzer (SRA) is to derive bulk geochemical characteristics 
of the Vaca Muerta Formation through the process of pyrolysis. These analyses were conducted 
at the Colorado School of Mines. The SRA was designed by Weatherford Laboratories 
Instrument Division to identify and characterize source rocks. Sample measurement is conducted 
through heating to a programed temperature within an inert atmosphere. The results provide data 
to interpret the organic richness, kerogen quality, thermal maturity, and kinetics.  
Parameters derived from the SRA include: the amount of free hydrocarbon (S1), the 
amount of hydrocarbons generated from thermal cracking of nonvolatile kerogen (S2), CO2 
evolved from the thermal cracking of the kerogen (S3) and the amount of CO2 and CO released 
during oxidation of residual inert organic carbon (S4). In addition, total organic carbon (TOC) 
and Tmax are also measured.  
Core and cuttings samples for the SRA were pulverized for a 40-mesh sieve. Around 80 
milligrams of sample is then heated up to isothermal conditions of 300°C for five minutes. As a 
result of the heating process, free hydrocarbons are volatilized and measured through the FID 
detector. Measurements are reported in milligrams of HC per gram of rock. The free CO2 is also 
measured and reported in milligrams of CO2 per gram of rock. 
The temperature is increased to 600°C through a temperature ramp of 25°C/minute.  
During this temperature raise, organic hydrocarbons are thermally generated through pyrolytic 
decomposition of the kerogen. These values provide insights into the generative potential of the 
source rock. The measured S2 is reported in milligrams of hydrocarbon per gram of rock.  
The final step of the pyrolysis consists of a 20°C temperature decrease.  Under isothermal 
conditions of 580°C, carbon monoxide (CO) and carbon dioxide (CO2) are measured by the IR 
cells and reported as S4. During this process, in order to oxidize the residual organic carbon, the 
oven is purged of oxygen. 
4.5 Elemental suites 
Prior to geochemical data interpretations, a quality control of the elemental suite was 
performed through factor analysis. Then, elemental data was used to define the environmental 
conditions and sediment source of the Vaca Muerta Formation.   
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4.5.1 Factor analysis and hierarchical clustering 
Factor analysis was used to analyze the large volume of elemental data to obtain an 
objective classification and to detect the outlier elements. This statistical technique was very 
useful to define the elemental associations in the Vaca Muerta Formation. Specifics of the factor 
analysis function in MATLAB software and the posterior cluster analysis performed using a K-
mean clustering algorithm may be found in Al Ibrahim (2014).   
Factor analysis results for ED-XRF elemental data from the 1010 core and the BP x-3, 
JDR x-1 and MDME x-1 well cuttings show three consistent elemental groups: (1) detrital – Al, 
Ti, Si, Ga, Nb, Th, Zr, K, Cr and Rb; (2) carbonate - Ca and Sr; and (3) redox and/or organic 
matter- Mo, Zn, Ni, V, Cu, As (Figure 4.9).  
Detrital minerals such as quartz, clays (kaolinite, chlorite and illite) feldspar (plagioclase 
and k-feldspar) and micas are represented by the detrital elements. Many elements may be 
present in multiple minerals especially including aluminum (Al) and silicon (Si), which are 
present in clays, feldspars and micas.  
Calcium (Ca) and strontium (Sr) are associated with calcite. Magnesium (Mg) and 
manganese (Mn) show close association with the carbonate group, suggesting these two elements 
may be part of the carbonate elemental structure. However, Mn involved in the geochemical 
cycle in the ocean is supplied to the ocean as oxide coatings on particulate material delivered by 
wind or by rivers and by diffusion from shelf sediments (Calvert and Pederson, 1993).  
The redox and organic matter elemental group consists of elements that are enriched 
under reducing conditions. Some of these elements (e.g., Ni, Cu) are strongly directed to organic 
matter thus may be used as proxies for TOC.  Mo, Ni, and Cu are more sensitive to anoxic water 
conditions while V is indicative of higher oxygen levels, thus suboxic conditions. 
Some elements may appear related to more than one group for the different wells 
indicating that they can be associated with more than one mineral phase. Such is the case for iron 
(Fe), which can be associated with the redox cluster (related to sulfur within pyrite) or within the 
detrital group as part of the clays and micas. Zn seems to be related to both, carbonate and redox 
groups. Co is related to the detrital phase and also to the redox group. Cr may be a paleoredox 
indicator or may be part of the detrital sediments where it substitutes for Al in the clays 


























Hierarchical clustering data visualization is done through a dendrogram. This type of 
elemental data visualization provides a more quantitative representation of the data. The usage of 
factor analysis before hierarchical clustering is preferred because of small variations that can be 
observed in the results (Al Ibrahim, 2014). Therefore chemical elements are grouped 
accordingly. Although the elemental data is presented in a more quantitative way, the end results 
may be slightly different. Figure 4.10 clearly shows 3 distinct groups of elements: (1) Redox and 
organic matter group; (2) detrital group and (3) carbonate group. The fourth group are elements 
with variable behavior depending upon system conditions. For example, U can precipitate as an 
authigenic phase rather than organic phase directly from the water column or at the sediment-
water interface. Therefore, it can show a lower correlation with organic matter and redox group.    
Figure 4.9.  Factor analysis results based on elemental data for wells BP x-3, JDR x-1, 
MDME x-1 and 1010. Three main elemental groups may be differentiated: (1) detrital – Al, 
Ti, Si, Ga, Nb, Th, Zr, K, Cr and Rb (2) carbonate - Ca and Sr; (3) redox and/or Organic 
matter- Mo, Zn, Ni, V, Cu, As. Clusters are represented by different colors and centroids of 











Based on this initial analysis of the elemental data, variations in the output clusters are 
expected depending upon the technique used, as well as, from variations in data collection or 
between wells.  
4.5.2 Geochemical proxies 
Elemental data may be used as geochemical proxies. Proxies for carbonate, detrital, redox 
and organic matter proxies provide information on the organic paleo-productivity, carbonate 
productivity, the provenance of the sediments, and the composition of the water column of the 
system. The trace metal concentration within the Vaca Muerta Formation are the result of the 
interaction between the trace metal and the uptake by plankton, scavenging by particulate matter, 
regeneration processes within the water column and diffusion from the sea floor (Brumsack, 
2006). Following Vine and Tourtelot (1970) elements are divided into detrital (Al, Ti, Zr, Ga, 
Sc), carbonate (Ca, Mg, Mn, Sr) and organic and/or redox associations (Mo, Ag, Zn, Ni, Cu, Cr, 
V). Figure 4.11 illustrates the origin of the different geochemical proxies used on this study. 
 
Figure 4.10.  Dendrogram displaying clustered data by hierarchical clustering for well 
BP x-3 after factor analysis. Note elemental association for redox (red), detrital 








4.5.2.1 Carbonate proxies 
Carbonate constituents are significant in the Vaca Muerta Formation. Therefore, calcium 
and magnesium are reliable proxies for calcite and dolomite respectively.  As seen on the factor 
analysis, Sr is closely related to these carbonate proxies.  
Sr/Ca ratio, when used with care, can be a proxy for in-situ carbonate deposition for deep 
marine sediments. This ratio is indicative of coccolith productivity (Fink et al. 2010) but may 
also be affected by the changes in sea level (Stoll and Scharg, 2001).  
Manganese (Mn) is a trace metal used as a proxy for carbonates. Mn accumulation 
typically indicates oscillating redox conditions (Calvert and Pedersen, 1996). However, Mn-
carbonates can be formed under anoxic and oxygenated conditions (Brumsack 2006).   
4.5.2.2 Grain size and detrital proxies 
As observed on the 1010 core, there are significant units of detrital (land-derived) origin. 
These detrital components are composed of silty and clay-sized fraction minerals. Silty particles 
encompass mainly quartz and to a lesser degree, K-feldspars, plagioclase and micas. The clay-
sized fraction is formed by kaolinite, illite and chlorite. In addition, volcanic ash layers are 
common, especially in the lower part of the Formation. 
Aluminum (Al), silicon (Si), titanium (Ti), zircon (Zr) and thorium (Th) are indicative of 
detrital influx (e.g. Tribovillard et al., 2006). Although Si can be detrital and biogenic in origin, 
the majority of the Si is portioning into the detrital portion. Figure 4.12 shows a positive 
Figure 4.11.  Vertically exaggerated schematic profile of the Quintuco Vaca Muerta 
system showing the origin of the main elements used as different proxies on this paper 
(Modified after Mithchum and Uliana, [1985]). Detrital proxies (e.g., Si and Ti) 
represent wind-blown sediments; Ca, Si, Mg, Sr, Ba indicate authigenic and biogenic 
elements derived from pelagic and periplatform sediments. 
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correlation between Al and Si, meaning a detrital origin for most of the silicon in this system. 
The biogenic silica from radiolarians and sponge spicules may be considered insignificant. 
Chromium (Cr) may substitute for Al within the detrital clay fraction of the sediment (Jones and 
Manning, 1993) and thus behaves as a detrital proxy.  Th/U and K/U ratios are indicators of 
terrigenous sediments for basinal settings (Bohacs, 1998). However, this was not the case for the 







Grain size proxies can also be derived from elemental ratios. When Si is of detrital origin 
it is mainly partitioning into the coarser grains, whereas Al will be into the finer, clay portion 
(Ver Straeten et al., 2011).   Ti and Si show positive correlation thus the Ti/Al ratio may be used 
Figure 4.12.  Elemental crossplots for wells 1010, BP x-3, JDR x-1, MDME x-1 and 
PSNO x-1. Positive correlations between Al and Si and Ti indicate detrital origin for 
silicon. Positive correlation between Zr and Ti indicates a detrital origin of both 
elements. The negative correlation between Ca and Si is indicative of the authigenic 
origin of calcium in the system. 
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as a grain size proxy in mud-rich facies (Bertrand et al, 1996). Rubidium (Rb) can substitute for 
K in aluminosilicate, especially in biotite (Heier and Adams, 1963) and therefore can be a proxy 
for finer grains. Zirconium (Zr) has a high specific gravity and is transported within the fine to 
medium grain size detrital particles (Calvert and Pedersen, 2007). Niobium is typically 
associated with clay minerals, especially illite (Ratcliffe et al, 2012). The Zr/Nb ratio is an 
additional grain size indicator. Figure 4.13 depicts five coarsening up intervals and two fining up 
intervals identified for the 1010 core in the lower Vaca Muerta Fm. The Si/Al elemental ratio is a 
useful grain size proxy indicator when used in combination with the Ti/Al and Zr/Nb elemental 
ratios. The top of each coarsening up interval is interpreted to have significant terrigenous 


















Figure 4.13.  Elemental ratios as proxy for grain size indicator for the lower Vaca 
Muerta core interval. Five coarsening up intervals and a two fining up interval (red 
arrows) are identified combining several elemental ratios (Si/Al, Ti/Al and Zr/Nb) 
and elemental logs (Si, Ti).  
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In the same way, these grain size proxies may be used to correlate the rest of the wells 
that penetrate the entire Vaca Muerta Fm.  When examining the gamma ray log, these wells 
overall show two main coarsening up packages. However, by interpreting the grain size proxies, 
multiple coarsening up and fining up intervals may be interpreted for each well (Figure 4.14).  
To verify the accuracy of the grain size proxies, four XRD measurements were taken for 
well JDR x-1. Samples for XRD were carefully picked where changes from depths with high and 
low detrital influence occurred according to the detrital proxies. For instance, high Zr/Nb values 
at 2728 m and immediately low Zr/Nb ratio values at 2725 m indicate a fining up interval. The 
XRD reported 16% quartz, 26% clays, 23% feldspars and 32% carbonates for sample 2728. For 
samples 2725 the mineralogical composition was 11% quartz, 15% clays, 14% feldspar and 59% 
carbonates. This fining up interval is characterized by a decrease in the detrital components 
(quartz, clays, and feldspars) and an increase in carbonate percentage.  
 The number of coarsening up intervals interpreted on each of the wells varies along 
strike, from well BP x-3 through MDME x-1. Large positive excursions on the Zr/Nb proxy log 
are interpreted as detrital layers underlying carbonate-rich facies. These carbonate-rich facies 
show lower Zr/Nb ratios. Parasequence sets composed of multiple coarsening up units will be 
further correlated within a sequence stratigraphic framework. 
4.5.2.3 Sediment provenance 
The majority of the silicon (Si) in the Vaca Muerta Formation is of detrital origin and it is 
related to the silt-sized detrital quartz grains, clays and feldspars. Elemental cross plots of Al 
with Si and Ti depict positive correlations for all the analyzed wells indicating a detrital origin of 
the Si (Figure 4.12). The linear relationship in the Zr-Ti confirms the detrital origin of both 
elements.  Biogenic silica derived from sponges and radiolarians is present in very low 
proportions. This is highlighted by the negative correlation for all wells between authigenic Ca 
and Si.  Facies 3 (bioclastic siltstone) is characterized by relatively low concentration of 
carbonate and redox/organic matter proxies and high detrital proxies.  
Calcium within this system is encountered in coarse-to-fine grained bioclastic particles 
and micron-scale micrite. Authigenic components derive from organisms living in the overlying 








































Figure 4.14. E-W well correlations displaying the Vaca Muerta Fm. BP x-3, JDR x-1, PSNO x-1, and MDME x-1 wells.  
Gamma ray log and Si and Ti elemental logs and Si/Al, Ti/Al, and Zr/Nb elemental ratios used as proxy for grain size in the 
Vaca Muerta Fm. Black arrows indicate parasequence sets formed by coarsening up packages. Number of coars ning packages 
may vary along strike from well BP x-3 through MDME x-1. Red stars mark large positive Zr/Nb excursion interpreted as 




bivalves and brachiopod fragments, and microorganisms including coccoliths, forams, and 
radiolarians. The macro-organisms are periplatform sediments transported from shallower areas 
on the slope and the platform. These mineralized components are typically composed of calcium 
carbonate (calcite and aragonite), phosphate, opaline silica and organic matter.  Diagenetic 
concretions within the lower Vaca Muerta interval are also enriched in Ca.  
4.5.2.4 Redox and organic matter proxies  
Vanadium (V), molybdenum (Mo), rhenium (Re), uranium (U), nickel (Ni), copper (Cu), 
cobalt (Co), zinc (Zn), arsenic (As) and chromium (Cr) are used for paleoredox proxies, and may 
provide information about the anoxic and suboxic conditions (e.g. Calvert and Pedersen, 1993; 
Brumsack, 2005; Tribovillard et al., 2006). Vanadium (V) and chromium (Cr) are removed from 
the water column under anoxic conditions (Calvert and Pedersen, 1993). The combined 
interpretation of U, V and Mo metal enrichments may allow the interpretation of suboxic 
environments from anoxic-euxinic. These elements are strongly enriched under anoxic-euxinic 
environments and exhibit weaker covariance with TOC than in suboxic environments 
(Tribovillard et al., 2006). Under oxygen-deficiency, enrichment in Mo and U of the rocks is 
from the water column by authigenic uptake (Algeo and Tribovillad, 2009). Under reducing 
conditions, U authigenic uptake commences earlier than Mo authigenic uptake, because the latter 
requires the presence of H2S.  
Cr, Re, U or V are associated with suboxic conditions, whereas Ag, Cd, Cu, Mo, Ni or Zn 
are associated with anoxic conditions (Calvert and Pedersen, 2007). Calvert and Pedersen (1993) 
noted that Cd, Cu, Ni and Zn are insoluble in the presence of H2S (retained in association with 
pyrite) and that they can be enriched in bottom sediments of some anoxic basin. These elements 
behave as micronutrients, thus they may be used as a proxy for TOC (e.g., Algeo and Maynard, 
2003; Tribovillard et al., 2006).   
The S/C ratio will increase during methanogenesis and decarboxylitaion (Jones and 
Manning, 1993) 
In addition, elemental ratios like U/Th, V/Cr, Ni/Co may also be indicative of the 
paleoredox conditions. Organic rich mudstones that exhibit high U/Th may be used as 
paleoredox indicators (Jones and Manning, 1993). Under reducing conditions, U may be fixed to 
organic matter and be insoluble, thus higher ratios are expected. Th is related to the detrital 
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fraction associated with clays and heavy minerals. Ernst (1970) noted that V/Cr values above 2 
represented anoxic depositional condition with the presence of H2S. V is usually bound to 
organic matter and Cr may be incorporated within the detrital clay portion. Cr may also be a 
redox indicator, therefore, special care should be paid to this ratio.  This is why multiple 
elemental logs and ratios should be used when interpreting the elemental data. High Ni/Co ratios 
may be indicative of reducing conditions. 
4.5.2.5 Paleoproductivity proxies 
The bioactivity of a system is quantified through productivity. Barium (Ba) and 
phosphorous (P) may be used as paleoproductivity proxies but special care should be taken 
because they could be solubilized under reducing conditions and may be lost from oxygen-
deprived sediments (Tribovillard et al, 2006). These authors propose the use of Ni, Cu, Zn and 
Cd as indicators of productivity. Ba concentrations may be obscured by diagenesis (Brumsack, 
2005). When P is attached to skeletons of organisms and subsequently buried, dissolution and re-
precipitation of P will happen under suboxic and anoxic conditions. Petrographic observations 
from the lower Vaca Muerta, where measured TOC values are up to 9.57 wt.%,  show the 
presence of P-rich nodules.   
4.5.2.6 Paleoredox and paleoproductivity conditions  
There is a general correlation between TOC and V, Mo, Ni and Cu elemental logs.  This 
correlation is further confirmed by high correlation coefficients between these different elements 
and TOC (Figure 4.15). Element-TOC relationships show that sulfur (S), vanadium (V), arsenic 
(As), nickel (Ni), copper (Cu), lead (Pb) and, molybdenum (Mo) are well correlated and 
therefore they may be used as TOC proxies in the Vaca Muerta Formation. Among all these 
elements, Ni and Cu show the highest correlation coefficients, 0.8677 and 0.8374, respectively. 
Tribovillard et al., (2006) also noted these two metals to be valuable proxies for C sinking flux. 
Elemental crossplots with TOC confirm positive correlations and high correlation coefficients 
for V (R2 = 0.77), Mo (R2 = 0.74), Ni (R2 = 0.87) and Cu (R2 = 0.84). The low correlation 
coefficient (R2 = 0.16) for U and TOC is probably related to anoxic sulfidic conditions. Euxinic 
conditions can be inferred when insoluble metal sulfides and oxyhydroxides precipitate directly 
from the water column or at the sediment-water interface. Their enrichment is thus related to 























Elemental logs as proxies for productivity (Ba and P), redox conditions (Mo and V), 
organic matter (Ni and Cu) and detrital (Si and detrital log with Na, Ti, Al, Zr) were used to 
analyze the paleoredox and paleoproductivity conditions. The Vaca Muerta Formation can be 
subdivided into three units based on the paleoredox and productivity proxies: interval 1, interval 
2 and, interval 3 (Figure 4.16). MDME x-1 depicts the lower part of a fourth interval (Figure 
4.17). These intervals are defined based on the enrichment and/or depletion of TOC, productivity 
proxies, redox proxies and organic matter proxies, detrital proxies and carbonate proxies. Defined 
intervals are lower frequency trends than units defined for core where high frequency 
fluctuations are recorded.  
Concentration of redox sensitive proxies suggest oxygen deficiency during deposition of 
The Vaca Muerta Formation, especially towards the bottom of the Formation. Productivity 
appears to be constant throughout the entire Formation. Ba peaks at 2388, 2370, and 2342 also 
coincide with large positive excursion of the zinc (Zn) elemental log on well PSNO x-1. 
Figure 4.16 shows significant enrichment of Mo, V, Ni and Cu at interval 1. Measured 
TOC values show high correlation to redox and productivity sensitive proxies. The lowermost 
part of this interval is characterized by high detrital proxy values that decrease towards the top of 
the interval. This higher detrital values are probably a result of lower Ca values i.e., dilution 
effect.  
 However, a detailed study of the facies from the lower Vaca Muerta suggests high 
frequency fluctuation in redox conditions. Facies 1 (laminated claystone) shows moderate values 
of carbonate and detrital proxies; however, it shows significant enrichment of redox and 
productivity proxies (e.g., Mo, Ni) suggesting more anoxic conditions. Facies 2 (bioclastic lime 
wackestone) displays a similar elemental signature with slight enrichment of the carbonate 
proxies (e.g. Ca) due to a higher lime and bioclastic content. Thus, slightly higher oxygen 
conditions may be inferred. Although bioturbation is scarce throughout the analyzed core, the top 
of individual beds in facies 3 (bioclastic siltstone) can however appear bioturbated suggesting 
low oxygen levels. The presence of Chondrites in the basinal facies of the Vaca Muerta Fm. 
(Doyle et al, 2005) is a common feature of black shale succession (e.g. Rhoads and Morse, 1971) 
deposited under suboxic conditions. Facies 4 (lime mudstone) displays enrichment of carbonate 
proxies but it characterized by lower redox/organic matter proxy and detrital concentration 
therefore it is a more oxic facies. 
148 
 
Interval 2 is characterized by significant concentration of detrital proxies at the base,  
associated with low TOC values and overall lower Mo, V, Ni and Cu concentrations suggesting 
more oxygenated conditions, and/or proximity to the sediment path. The clastic proxy signature 
is affected by the carbonate dilution effect. High TOC interval at 3060 m is characterized by 
slight increase in Ba, redox and organic matter  proxies. The lack of co-variance between Mo and 
V in this interval also suggests suboxic conditions or fluctuation between lower and higher (but 
still low) oxygen values because Mo is sensitive to anoxic conditions whereas V is more 
sensitive to suboxic conditions. 
Interval 3 is characterized by an increase in the carbonate content. Detrital proxies 
concentration are close to zero where Ca is above 15 wt.%. Mo and V remain almost constant 
and low throughout the entire interval. Note that significant Ba peaks may correspond to very 
small TOC values rather than large amounts of organic matter. From the combination of these 


























Figure 4.16.  TOC and elemental log proxies for productivity (Ba and P), redox conditions 
(Mo and V), organic matter (Ni and Cu), detrital (Si and detrital input [Na+Al+Zr+Ti]) 
and carbonate (Ca) for PSNO x-1 well. Intervals 1, 2 and 3 are distinguished based on 




Interpretation of intervals 1, 2, and 3 in the rest of the wells shows a progradation of 
progressively more oxygenated facies towards the west and northwest (Figure 4.17). Interval 1, 
enriched in redox sensitive proxies, is overlain by younger suboxic intervals (intervals 2 and 3, 
respectively).    
Cut off values for TOC based on the correlation with elemental data (Figure 4.18) can 
help define the most prolific intervals within the Vaca Muerta Formation. Low TOC values (<2 
wt.%) correlate with low Si (<14 wt.%), Ni (<50 ppm) and Mo (<50 ppm) and high Ca (>15 
wt%). Moderate TOC values (2-5 wt.%) correlate with moderate to high Si (12-14 wt.%), Ni 
(<100 ppm), Ca (<20 wt.%) and Mo (<80 ppm). High TOC values correlate with high Si (>14 
wt.%), Ni (>120 ppm), Mo (>80 ppm) and low Ca (<12 wt.%) values. These cutoff values in 
wells with elemental data and lacking TOC data, should aid in locating low, moderate and high 
TOC intervals along the profile. 
4.6 Stratigraphy 
High frequency stratigraphic sequences identified in core are related to lower frequency 
sequences on a broader correlation based on log signature combined with elemental data. 
Identified depositional sequences are interpreted in a sequence stratigraphic framework with the
aid of changes in elemental composition as expressed by geochemical proxies and standard well 
log data. 
4.6.1 The 1010 core description  
Based on the petrographic study on the 1010 core, the Vaca Muerta Fm. is a black to dark 
gray mudstone with micro-lamination. Laminae are due to alternation of silt-rich layers with 
organic rich material (bituminous mudstone) and fecal pellets compacted and aligned with the 
long axes perpendicular to the overburden pressure. The bounding material is a clay and calcite-
rich matrix. These alternating fine grained silts and dark shales and marls are interpreted as 
basinal facies that correspond to a TST in Spalleti et al. (2000).  
 
 






 Figure 4.17. Well correlation of intervals 1, 2, 3 and 4 displaying TOC and elemental log proxies for productivity (Ba and P), redox 
conditions (Mo and V), organic matter (Ni and Cu), detrital (Si and Detrital input [Na+Al+Zr+Ti]) and carbonate (Ca) for BP x-3, 
JDR x-1, PSNO x-1 and MDME x-1 wells. Intervals 1, 2, 3 and 4 are distinguished based on relative enrichments of the different 






















































































Samples from the PLU.Nq.lje-1010 core from Loma Jarillosa Este area contain both 
detrital and authigenic/diagenetic components. Detrital grains are predominantly quartz, 
feldspars, and less-common micas. Detrital quartz grains are characterized by their angular 
shape, grey color, and undulose extinction under crossed polars. Biogenic components include 
foraminifera, radiolarians, bivalve molluscs, brachiopods, echinoderms, sponge spicules, and fish 
bones. An ammonite is preserved in the core. Peloids are abundant.  
Figure 4.18.  Elemental and TOC crossplots showing elemental values corresponding to 
low, moderate and high TOC values. Note that TOC higher than 5 wt. % correspond to 




4.6.1.1 Facies description 
The Vaca Muerta Formation is classified as a siliceous mudstone according to the 
Ternary diagram (Chapter 2, Figure 2.5). The Vaca Muerta Formation is composed of varying 
proportions of different mineral fractions of biogeochemical minerals (calcite, dolomite, biogenic 
silica and apatite), detrital grains (quartz, k-feldspar, plagioclase, clays and micas) and diagenetic 
minerals (carbonate, clays, pyrite and feldspars), and organic matter. The diagenetic imprint of 
the different diagenetic zones (sulfate reduction, fermentation, decarboxylation and thermal 
maturation), is characterized by newly formed suites of minerals (Tourtelot, 1979). Diagenetic 
product identification is crucial for an accurate interpretation of the sedimentary environments.  
Integration of core description with petrography and mineralogy was used to identify the 
facies in the lower Vaca Muerta Formation. This interval is composed of five main facies: 
laminated claystone (F1), bioclastic lime wackestone (F2), bioclastic siltstone (F3) and lime 
mudstone (F4) and bentonite (F5) (Figure 4.19).  
Facies 1: Claystone. Facies 1 is the most common facies throughout the lower Vaca 
Muerta.  It is composed of two sub-facies: Laminated claystone (F1a), and calcareous claystone 
(F1b) (Figure 4.19).  
- Laminated Claystone (F1a): black to dark grey laminated calcareous claystone 
with low (or absence of) bioturbation and bioclastic fragments. Thickness varies between few 
centimeters to a few decimeters. Detrital quartz and feldspar grains are scattered throughout the 
clay and calcite-rich matrix without preferential orientation.  These facies are characterized by 
varying coccolith and foraminifera content. Facies has significant organic matter content (up to 
9.57 wt. %). Pyrite may be present. 
- Nodular Calcareous Claystone (F1b): black to dark grey laminated claystone 
with light to very light grey calcareous nodules. The size of the carbonate-rich nodules are from 
a few centimeters to a few decimeters.  They usually show a darker colored central area 
surrounded by a lighter external oval. Matrix layers around them are curved and mimic the oval 
shape, indicative of matrix compaction during the early diagenesis. Diagenetic components 
comprise microcrystalline, zoned calcite cement. Bioclastic fragments are rarely observed.  
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Interpretation: The dominance of clay minerals and the fine grain size of this facies 
suggest sediment deposition towards the end of the clastic transport pathway. Organic matter 
content may be significant in facies F1a. Pyrite forms as a result of the sulfate reduction process.
The absence of sedimentary structures and the low bioturbation are indicative of low oxygen 
conditions. The early diagenetic nodules (first few meters of burial) are formed as a result of the 
carbonate by-product sourced from methanogenesis. The carbonate concretions on the lower 
Vaca Muerta Fm. show light isotopic composition (δ13C -5.75 ‰ and δ18O -8.13 ‰), reflecting 
the diagenetic imprint of the sulfate-reducing zone.  
Facies 2: Bioclastic Lime Wackestone:  Dark grey laminated shale with low or absent 
bioturbation. Thickness varies between a few centimeters to a few decimeters. Bioclastic grains 
including brachiopods, bivalves, fish bones, sponges, radiolarians, and foraminifera are in mud 
support. Detrital quartz grains and accessory minerals such as feldspar and micas are rare. 
Radiolarians are replaced by diagenetic calcite. Pellets show moderate to good sorting with their 
long axes parallel to laminae. This facies contains significant organic matter content (up to 7 wt. 
%). 
Interpretation. The abundance of bioclastic fragments and the dominance of lime mud 
are indicative of platform proximal sediment deposition. The absence of bioturbation is 
indicative of low oxygenated conditions during deposition. Organic matter content in Facies 2 
can be significant.  
Facies 3: Bioclastic Siltstone. Thin siltstone beds and parallel lamination embedded in 
clay and calcite-rich matrix. Single laminae thickness is 0.5-3 mm; the thickness of the laminaset 
can be up to 4 cm. Individual beds are sharp based and normally graded. The laminae within the 
beds are wavy parallel and grade upwards from being coarse silt-rich at their bases, to clay-rich
towards their tops. The top of some individual beds have been bioturbated. Coarser beds are 
characterized by accumulated bioclastic (e.g., bivalve fragments, brachiopods, fish bones) and/or 
detrital quartz and feldspar grains bound by a matrix.  Facies 2 has lower organic matter content. 
Radiolarians are replaced by diagenetic calcite. 
Interpretation. The presence of sharp-based and wavy tops of the individual beds, and 
fining-upward suggest sediment transport and deposition by turbidity currents in an episodically 
high energy environment. Bioturbation at the top of the beds is indicative of sediment 
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colonization after deposition. The presence of oxygen is thus inferred for the bottom layer and 
the water column. The dominance of detrital components is interpreted as an indication of 
sediment deposition proximal to a sediment path.  
Facies 4: Lime Mudstone. Light to very light grey lime mudstone with lower content in 
organic matter and detrital quartz grains. Bed thickness varies between a few centimeters and a 
few decimeters.  Bioclastic fragments may be present (e.g., bivalve fragments, brachiopods, 
sponge spicules). Petrographic observations depict alternating recrystallized micrite layers within 
a clay and organic rich matrix. Recrystallized layers are continuous, irregular and sub-horizontal, 
parallel to the bedding. Detrital quartz and feldspar grains, as well as, radiolarian and 
foraminifera are scattered throughout the matrix without preferential orientation. Pyrite may be 
common. This facies is dominated by a recrystallized micritic layers.  
Interpretation. The existence of pervasive recrystallized micrite indicates that sufficient 
solutes were available to infill the uncompacted sediment pore volume. The presence of pyrite 
points out that sulfate is derived by diffusion from the water column. The presence of significant 
micrite recrystallization and the relatively low clastic input suggest sediment deposition towards 
the end of the clastic transport pathway. An extended pause in sedimentation may be interpreted 
associated with the formation of these recrystallized micrite layers. These fulfil the key 
requirement of relatively slow sedimentation rates.  
Facies 5: Bentonites. Bed color varies from light grey to yellow and light brown. Ash 
beds are tabular with sharp planar contacts. Some contacts may be slightly erosive. Ash bed 
thickness ranges from few millimeters to 14 centimeters.  They are composed of abundant glass 
shards and pumiceous fragments in inverse graded layers (Kietzmann et al., 2014). 
Interpretation. Ash bed deposition is indicative of the proximity of the sediments to the 
Andean volcanic arc developed to the west of the Neuquén basin. These deposits were probably 





































Figure 4.19. Lithofacies identified on the 1010 core for the lower Vaca Muerta interval. Colors for 
each facies correspond to the same colors shown in the stratigraphic column in Figure 4.10. Left 
column are core photos, right column are representative photomicrographs. 
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4.6.1.2 Sedimentary structures 
Latest research on mud transport and deposition (e.g., Schieber et al., 2007; Macquaker et 
al; 2010; Schieber, 2011; Lazar et al., 2015) have discovered that most of the silt and clay 
transport is through silt or larger-size floccules. This particle transport can be in either bed load 
or suspended load. Grain size and type, together with the type of bedding, provides information 
on the sediment provenance, as well as, the bottom energy levels and subsequent diagenetic 
transformations. Texture information provides insight into the relative location of the sediment 
source and water column energy level. Bedding information provides variations in the sediment 
input and accumulation, as well as, benthic energy and oxygenation levels (Lazar et al., 2015).  
Thin beds in mudstone are a result of multiple and discontinuous sediment accumulation. 
Discontinuous sediment accumulation is by lateral transport in bed load or dense suspension 
under intermittently energetic conditions, and, at most, intermittent anoxia (Lazar et al., 2015). 
These genetically related laminae are composed of 0.5 mm thick beds (Figure 20B, C,). Bed 
terminations are indicative of a directional transport of the sediments.  
Parallel lamination in mudstone is a result of continuous sediment accumulation under a 
single depositional event. These laminae are continuous, planar and parallel to one another and 
are 0.5 to 3 mm thick (Figure 4.20 A, D). These laminae are probably formed in response to 
small-scale fluctuations within a single flow, like a boundary-layer burst and sweeps under 
currents. A laminaset is a genetic association of laminae that are bounded by laminaset surfaces 
(Campbell, 1967) and they range in thickness from few millimeters to seven centimeters.  
Laminations are common to facies F1a (laminated claystone), F3 (bioclastic siltstone), 
and F4 (lime mudstone).  
Normal graded bedding (Figure 4.21A, B) where coarser particle beds at the bottom 
transition into finer particle beds at the top. These might be formed during gravity flow due to 
storm induced flow. The base of the laminae, formed by silt-sized particles, is sharp and 
transition into a more clay-rich sediment. Bioturbation s scarce throughout the analyzed core. 
Bioturbated mudstone (Figure 4.21C) is rarely observed on this core; the top of individual beds 


























Figure 4.20.  Sedimentary structures showing parallel lamination and thin beds on the 
1010 core (A, B and D) and thin section (C) samples. Parallel lamination is continuous, 
planar and parallel to one another; they are 0.5 to 3 mm thick (A and D). The top of 
individual beds can be bioturbated. Terminations of 0.5 mm thick thin beds (B and D) are 
indicative of a directional transport of the sediments. Core description depicts facies 
distribution and colors for each facies correspond to the same colors shown in the 
stratigraphic column in Figure 4.19.  
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Thicker accumulations of bioclastic debris and silt sized detrital particles with minor clay 
size and micrite materials are interpreted as lag deposits (Figure 4.21D). Organic matter-rich, 
fine-grained sediment is commonly burrowed by organisms less than 1 mm in size (Aplin and 
Macquaker, 2011), burrow intervals are hard to identify at times. The observed bioturbations and 
lamina disruption are indicative of benthic life and occur early in the depositional history when 
the sediments have high water content (80-90%). These suggest that there was at least some 













Figure 4.21. Sedimentary structures. (A) Pinch out of silt-sized detrital particles above a scour 
surface (yellow dashed line). White arrows mark termination of beds. (B) Normal grading 
sediments. Note erosive base of coarser sediments at the base. (C) Bioturbated mudstone. (D) 
Lag deposits composed of bioclastic fragments and detrital silt-sized sediments with minor 
clay-sized components.  
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4.6.1.3 Elemental signature of the facies 
The above described facies show specific elemental signatures based on the different 
proportions of detrital and bioclastic grains, the matrix and the organic matter content (Figure 
4.22). The laminated claystone (F1a) shows high to moderate Si, high Mo and TOC (especially 
in the lowermost Vaca Muerta Fm.), and low to moderate Ca. The calcareous claystone (F1b) 
will show slightly higher Ca values. The bioclastic lime wackestone (F2) has moderate Si and 
Mo values and high Ca and TOC. The bioclastic siltstone (F3) is characterized by high Si and 
moderate to high Ca values and low Mo and TOC measurements. The carbonate mudstones 
depict low Si, moderate to high Mo, moderate to high TOC and high Ca values. Elemental data 
from two bentonites show high Si values with low Mo, Ca and TOC values. The elemental 
signature of the facies from the lower Vaca Muerta is further used to correlate the entire section 
of the Vaca Muerta Formation. 
Tordillo Fm.
 
Figure 4.22. Elemental signature of core facies from the lower Vaca Muerta interval. Gamma 
ray log, core photo, facies description, elemental and oxygen and carbon chemostratigraphic 
logs and, TOC values are shown on this figure. Colors facies of facies correspond to colors 
shown in Figure 4.19 (facies description). 
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4.6.2 Sequence stratigraphy of the 1010 core 
Interpretation of temporal variability using sequence stratigraphy enables identification of 
stratal surfaces and systems tracts based on grain size variations and paleoenviromental proxies 
(e.g, Bohacs, 1990; Creaney and Passey, 1993; Aplin and Macquaker 2010).  
The 1010 core is interpreted to be a condensed section within the Quintuco-Vaca Muerta 
system. Clastic dilution is minimized in distal parts of the basin (Loutit et al. 1988). Where 
clastic input is reduced, significant autochthonous carbonate mud may be supplied to deeper 
parts of the basin derived from the shallower Quintuco carbonate platform.  This interpretation is 
carried out based on the geochemical signature of detrital components (e.g., Si, Al, Zr proxies) 
and the authigenic (Ca-rich) components.  
Parasequences on the 1010 core were identified based on systematic stratal stacking 
pattern of lithofacies. The flooding surfaces were thus identified based on changes in lamina and 
bed geometries, gamma ray log response and TOC measured data. These flooding surfaces 
record an increase in rates of accommodation relative to sediment supply, commonly recorded in 
mudstones by laterally extensive accumulations of authigenic and pelagic components, along 
with evidence of detrital sediment starvation and low bottom-energy levels (Bohacs et al., 2015).  
The maximum flooding surface is characterized by low grain size proxies and high Ni and Mo 
values.   
The lower part of the parasequence is characterized by the presence of the distal facies 
(laminated claystone), significant organic content, and high gamma ray values, representative of 
a sediment starvation stage (Figure 4.23). Coarser grain size indicators represented by elemental 
ratios like Si/Al, Ti/Al and Zr/Nb depict high values at the top of the parasequences (Figures 
4.22 and 4.23). Due to the lack of a continuous elemental sampling of the core, this may not be 
seen for all identified parasequences. Conversely, the bottom of the parasequence is 
characterized by low detrital proxies.  In addition, high Mo and Ni contents are associated with 
the base of the parasequence. The top of the parasequence is defined by more proximal facies 
such as bioclastic siltstones. Bioclastic lime wackestone facies may also be encountered in 
association with the top of the parasequences. The calcareous claystone, in places, appears to be 
associated with the top of parasequences.  
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Carbonate concretions were used to identify breaks in the sedimentation. The cemented 
surfaces result from an early diagenetic process during a break in the sedimentation. Therefore it 
will be common to encounter carbonate nodules associated with the top of the parasequences. 
These cemented surfaces may further be used as stratal correlative surfaces.  
Based on the above criteria, fourteen parasequences were identified for the 1010 core. 
The thickness of the parasequences varies between 0.5 and 1.75 meters. These parasequences 
were further grouped into parasequence sets showing a lower order of cyclicity. The base of the 
core, interpreted as a retrogradational stacking pattern (3107.60-3112 m) develops into a 
progradational stacking pattern towards the top of the core. 
The top of the parasequences is characterized by mineralogical brittle facies with 
significant carbonate proportion (bioclastic lime wackestone and calcareous claystone), quartz 
proportion (bioclastic siltstone), and lower clay content. Therefore, the top of the parasequences 
may provide a more brittle target for fracing within a clay-rich, more ductile section.  
4.6.3 Sequence stratigraphy of wells with cuttings 
Well correlation from the most proximal well, PB x-3 through the most distal one, 
MDME x-1, is based on a sequence stratigraphic interpretation. F gure 4.24 shows the location 
of the study area.  
MacQuaker et al., (1998) suggested that the main cause of grain size variation for the 
Kimmeridge Clay is sediment-source switching or relative sea-level change rather than variable 
aeolian transport, stratum-limited diagenesis, variable biological concentration or dilution with 
biogenic components. Although grain size of the terrigenous components can be superior to a 
proxy for sequence stratigraphic interpretation of mudrocks (Williams et al., 2001), this paper 
attempts the sequence stratigraphic correlation of the entire Vaca Muerta section based on 
elemental and isotopic chemostratigraphic signatures, and identified facies from lowermost Vaca 
Muerta interval on the 1010 core.  
Data and proxies used for facies interpretation of the Vaca Muerta Fm. are: (1) TOC, (2) 
carbon and oxygen stable isotope data, (3) carbonate geochemical proxies, (4) detrital-indicator 
geochemical proxies and, (5) redox-indicator geochemical proxies. The depositional model 




 Figure 4.23.  Gamma ray log, core photos and core description displayed for the Lower Vaca Muert  Formation.  TOC and carbon 
stable isotope data. 14 parasequences (red triangles) and the maximum flooding surface (MFS) (green dashed line) identified based 



































Figure 4.24.  A) Base map showing the location of AB cross section and the shelf breaks of the 3rd order sequences. 
B) Seismic line showing interpretation of the 3rd order sequences. C) Sequence stratigraphic model based on the 
interpretation from the above seismic line. The study interval in this paper is highlighted by the red box (Modified 




4.6.3.1 Sequence stratigraphic model  
Highstand systems tracts (HST) are defined by high Ca peaks in the upper part of the 
Vaca Muerta section.  HST’s are interpreted to be composed of the equivalent facies in the 1010 
core, identified as bioclastic lime wackestone (Facies 2) and the lime mudstone (Facies 4) and 
interpreted as highstand shedding. Assuming a constant input of the pelagic foraminifera and 
coccoliths, high Ca values are interpreted as an increase in periplatform sediments into basinal 
settings (Figure 4.25).  
Clay rich intervals are characterized by high values of Mo and Ni, especially towards the 
base of the section, moderate values of detrital proxies (Si and terrestrial input), and low Ca 
values. These facies are interpreted to be the equivalent facies of the laminated claystone (Facies 
1) interpreted as transgressive in the 1010 core. These chemostratigraphic signatures are used to 
interpret transgressive systems tracts (TST).  
Carbon and oxygen data were used to compare trends on the δ13C and δ18O curves and 
use them as chronostratigraphic correlation tools. For all wells throughout the entire Vaca 
Muerta Formation, when comparing carbonate-rich facies and clay-rich facies, the former have 
more positive δ18O and δ13C values. Therefore, HST are characterized by heavier isotopic 
compositions than TST’s.  
The sequence stratigraphic model herein shows three sequences. These are correlatable to 
sequences A through C interpreted by Mitchum and Uliana (1985) for the Tithonian. Pose et al. 
(2014) proposed the shelf breaks for sequences A and B identified by Mitchum and Uliana 
(1985) to be further to the SE (Figure 4.24) and their Sequence 20 is correlatable to sequence C. 
However, this interpretation depicts that the shelf break of sequence B is located higher in the 
section, between well JRD x-1 and PSNO-x1. This is noted on this interpretation by a sequence 
boundary. Shelf breaks of sequence A and C are located to the east of well BP x-3 and to the 
west of MDME x-1. 
Large positive excursions of the detrital proxies are interpreted as silty clastic input. 
These detrital sediments are the equivalent to the bioclastic siltstone (Facies 3). These facies 
sourced by rivers and/or aeolian sands appear close to the carbonate-rich facies like on the 1010 







Figure 4.25. Sequence stratigraphic well correlation between well BP x-3, JDR x-1, PSNO x-1 and MDME x-1. Highstand systems 
tracts (HST) in blue are defined by high Ca peaks in the upper part of the Vaca Muerta section.   TST’s are clay rich intervals and are 






8,06 km 6,16 km
MDME x-1
15,30 km









































The deepening successions through the transgressive systems tract and generally into the 
lower part of the highstand systems tract is generally outlined by TOC enrichment (Ver Straeten 
et al., 2011). Trivobillard et al., (2006) noted the importance of Ni, among other elements, as a 
productivity proxy. Sageman and Lyons (2003) described enrichment of Mo and strong 
covariance with TOC under euxinic conditions. Our observations in the Vaca Muerta Fm. 
support the observations made by these authors. These high elemental concentrations are located 
at the base of the TST within the first transgression. In the lowermost TST the concentration of 
TOC is consistently high in the wells (e.g., 9.91 wt.% in well PSNO x-1)  representing the first 
flooding event and successive deepening of the basin. During deposition of the upper part of 
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Figure 4.26. PSNO x-1 well showing high TOC, Ni and detrital proxies 
within the first transgressive event. Light δ13C correlate with high TOC 
content in this lowermost section. Green dashed line marks the first MFS. 




Low carbonate content in the lowermost succession might be associated with calcite 
dissolution by organic acids. Carbonate dissolution is supported by intraparticle pore within 
calcite grains, dissolution and replacement of bioclastic fragments scattered throughout the 
matrix of the lower Vaca Muerta in the 1010 core.   
The maximum flooding surface (MFS) in sequence 1 is located at 2808 m in well JDR x-
1. This surface is correlated with a peak in Mo (123 ppm) and Ni (165 ppm) and a gamma ray 
value of 204 API. An increase of Ca and, decrease of Si and detrital proxies, mark the base of the 
HST. Low values of Ni and Mo are indicative of low TOC preservation within the HST. 
Sequence 1 thins out towards MDME x-1, where only the TST is observable. Higher frequency 
sequences interpretation shows two HST in well BP x-3 for sequence 1.  
An increase in Si and detrital proxies marks the TST of the sequence 2, indicative of fine-
grained sediment retrogradation. Slight increase in Mo and, especially in Ni, are also recorded at 
this depth. However, the lower concentration of Mo, Ni, and TOC values in sequence 2 are 
indicative of a more dysoxic mudrock succession. The MFS is interpreted at 2749 m (JDR x-1) 
where GR is 137 API, Ni is 60 ppm and TOC is 3.92 wt. %. Higher frequency sequence 
interpretation shows two HST in well JDR x-1, four in well PSNO-x-1 and three in well MDME 
x-1, showing a retrogradational pattern of the depositional system.  
A third sequence is partially present in the study area, where the lower TST at the most 
distal wells, PSNO x-1 and MDME x-1, is characterized by an increase in detrital proxies and a 
decrease in Ca. The HST above will be marked by an increase in carbonate proxies.  
4.7 Carbon and oxygen chemostratigraphy 
Whole rock samples for oxygen stable isotope analysis were collected from the 1010 core 
and the MDME x-1, BP x-3, JDR x-1 and PSNO x-1 well cuttings. Stable isotope data were 
collected from the 1010 core in the lowermost Vaca Muerta interval. The entire Vaca Muerta 
Fm. was sampled from the wells with cuttings.  
Aguirre-Urreta et al. (2007) presented the first carbon and oxygen isotope curve for the 
Valanginian to the Early Barremian interval for the Southern Hemisphere from outcrop data. 
However, the focus is on the Early Cretaceous (Valanginian-Barremian) sequence and does not 
include the Jurassic-Cretaceous transition. The curve was generated from the analysis of fossil 
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oysters in outcrop sediments. These sediments were accurately dated based on ammonite 
biostratigraphy (Lissonia riveroi zone). The 16 isotopic data points for the Vaca Muerta 
Formation from the Early Valanginian, range from 0.54 to 3.02 ‰ for δ13C, and from - 4.02 to -
7.03 ‰ for δ18O. The samples in their study correspond to the Quintuco and Vaca Muerta 
formations. 
Deposition from fresh water or at high temperature will yield limestones that have 
significantly more negative oxygen isotopic values (Prokoph et al., 2008). Oxygen isotope 
studies have dealt primarily with the establishments of paleotemperatures and paleosalinities of 
ancient water masses (Scholle and Arthur, 1980). In low porosity sediments, such as mudstones, 
pressure solution processes are active, and the precipitating carbonate cements will be a function 
of three things: (1) the pore fluid isotopic composition, (2) the isotopic composition of the 
dissolving carbonates that are driving cementation and, (3) the temperature of precipitation 
(Czerniakowski et al, 1984).   
4.7.1 Carbon/oxygen isotope relationship 
Figure 4.27 shows a compilation of δ18O  and δ13C values from whole rock samples for 
the Vaca Muerta Fm. from wells 1010, JDR x-1, BP x-1, PSNO x-1, and MDME x-1. It 
highlights where the values of δ18O and δ13C of the Vaca Muerta Fm. are plotting today versus 
where the values of these sediments may have been during the time of their deposition in the 
Late Jurassic-Early Cretaceous. The dashed box represents normal marine conditions during the 
upper Jurassic of δ18O -2 ‰ to -3 ‰ and δ13C 1.5 ‰ to 0 ‰ estimated by Prokoph et al., 2008.   
All the wells show a similar trend in which isotopic values become progressively more 
depleted in both, oxygen and carbon. The scatter of the data, especially between wells, may be 
the result of different factors. For instance, different locations can undergo different degree of 
diagenesis, due to different water-rock interactions. Different burial depths will result in different 
thermal fluctuations and this will result in varying oxygen composition from well to well. From 
BP x-3 to the MDME x-1 well δ18O values range between -13.59‰ and -3.07‰.  Average δ18O 
values for the entire Vaca Muerta Fm. range from -6.66‰ to -5.12‰. These values becomes 
lighter as sample depth increases for all wells; the lowermost Vaca Muerta interval records the 
most depleted oxygen values ranging from -8.25‰ to -6.75‰ with the most depleted value of -
170 
 
13.59‰ in the 1010 well. The effect of burial diagenesis may account for δ18O values as light as 











Figure 4.27. Cross plot illustrating 264 δ18O values plotted against δ13C values for samples 
analyzed from whole rock Vaca Muerta matrix from the 1010, JDR x-1, PSNO x-1, BP x-3, and  
MDME x-1 wells.  Normal marine isotopic composition (δ18O -2 ‰ to -3 ‰ and δ13C 1.5 ‰ to 
0 ‰) for the late Jurassic are represented by the dash-lined box (from Prokoph et al., 2008). 
Measured oxygen and carbon isotopic composition values differ from the estimated values for 
the time of the Vaca Muerta deposition in the Late Jurassic. Different data clusters may be a 
result of different water-rock interaction at different burial depth, especially reflected by the 
δ18O. Light δ13C values reflect substantial organic carbon, especially from the lower Vaca 
Muerta where highest TOC values are measured.  
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The main control on carbon isotope variation is productivity within the water column and 
the level of organic carbon sequestration. The carbon isotope acts like a closed system for the 
water-rock interaction; therefore the diagenetic imprint can be disregarded. Temperature is 
usually a control on fractionation, but that is not the case for the carbon stable isotope. So, the 
analyzed stable carbon isotope values will provide the characteristics of the fluid at the time of 
deposition. There are two main carbon reservoirs in the Quintuco-Vaca Muerta system: 1) 
oxidized inorganic carbon contained in the carbonate sediments and 2) the reduced organic 
carbon contained within the organic matter. 
From the BP x-3 to the MDME x-1 well δ13C values range from -8.77‰ and + 0.95‰. 
Measured light δ13C (up to -8.77‰ in 1010 well) values are a result of the significant organic 

























Average δ13C values for the entire Vaca Muerta Fm. for all wells range between -1.73‰ 
and -1.23‰. However, more depleted average values are measured for the lower Vaca Muerta, 
ranging from -4.13 ‰ to -3.04‰. Samples from deeper in the section, where higher TOC values 
Figure 4.28. δ13C  versus TOC crossplot for well PSNO x-1 showing positive a correlation 
with a correlation coefficient (R2) of 0.8111. Light carbon values are directly influenced 
organic-rich facies with high TOC values. 
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are measured, record more depleted carbon values. Therefore, substantial organic carbon burial 
may be responsible for these depleted values. A significant increase in productivity will result in 
a preferential partitioning of the light carbon isotope (12C); therefore, the water column will be 
enriched in the heavier carbon isotope (13C). As a consequence, the Quintuco carbonate 
formation will be characterized by enrichment in the heavy isotope, showing a positive isotopic 
excursion. The sediments within the Vaca Muerta Fm., derived from 12C-rich organisms will 






4.7.2 Carbon isotope stratigraphy 
Some of the earliest uses of carbon and oxygen isotopes for chemostratigraphic 
correlation purposes were published by Scholle and Arthur (1980). They investigated possible 
short-term global or basinwide variations in both carbon and oxygen stable isotope composition 
ocean water.  
Timing and magnitude of organic matter preservation in deep-sea and continental-margin 
sediments can be derived from carbon isotopic variations associated with anoxic events (Scholle 
Figure 4.29. Vertically exaggerated profile of the Vaca Muerta-Quintuco system showing the 




and Arthur, 1980). Several authors (e.g., Scholle and Arthur, 1980; Jarvis et al, 2006) related 
carbon isotope data to eustatic fluctuations, and used carbon isotope variations to help age date 
sediments. 
Weissert and Channell (1989) documented from the pelagic sediments of the southern 
continental margin of the Alpine Tethys Ocean,  change in the carbon isotopic curve from δ13C 
+3.0 ‰ in the Kimmeridgean-Early Tithonian to values near 1.30‰ in the Late Tithonian-Early 
Berriasian. The average δ13C calculated for normal marine Tithonian sea water is 1‰ (e.g 
Podlaha et al., 1998). Positive δ13C excursions may be regarded as response to perturbation of 
global climate linked to fluctuations in atmospheric carbon dioxide concentrations (Arthur et al., 
1985). The late Jurassic climate has been characterized by high atmospheric CO2 levels and by 
monsoonal rainfall pattern (Weissert and Mohr, 1994).  Abundant marine crocodile fossils from 
the Mid- and Late Jurassic of the Neuquén basin indicate warm water temperatures for this basin, 
probably above 20° C (Volkheimer et al., 2008). 
Fluctuations in organic carbon burial and carbonate carbon burial have a direct impact on 
the C-isotope record (Weissert and Mohr, 1994). These fluctuations in δ13C can be explained by 
variable Corg/Ccarb export ratios into the marine sedimentary carbon reservoir (Schidlowski, 
1987).). 
Carbon isotopic chemostratigraphy from the 1010 core and MDME x-1, BP x-3, JDR x-1 
and PSNO x-1 well cuttings show distinct trends that are consistent with GR and 
lithostratigraphy. There is partial covariation between the δ13C and the δ18O trends, especially for 
the most proximal wells, BP x-3 and JDR x-1. Most depleted carbon and oxygen values are 
measured at the lower Vaca Muerta interval, where highest TOC is recorded. The isotopic 
signature of carbon is affected by the organic carbon present within these sediments, specially 
towards the bottom of the section. Carbonate-rich facies correspond to less negative δ13C values 
than the clay-rich facies (Figure 4.30). This may be related to periplatform sediments enriched in 
heavier carbon values that were transported basinward. Carbonate-rich facies also have lower 























4.7.3 Global correlations  
Weissert and Erba (2004) presented a composite Tethyan Late Jurassic – Early 
Cretaceous carbon and oxygen isotope curve where C isotope data provide information on the 
evolution and perturbation of the global carbon cycle and oxygen isotope data was used as a 
paleotemperture proxy. Based on their composite δ13Ccalcite record, one positive excursion is 
documented in the Tithonian and one in the Valanginian. The smooth trend of the δ13C curve 
from the late Jurassic to the early Cretaceous shows a lightening of the isotopic composition 
from around +3‰ to +1‰. δ18O values during this interval of time become progressively 
heavier, varying from around -1.5‰ to close to 0 ‰, or even +0.5‰ for the Valanginian 
excursion (Figure 4.31).  
  
 
Figure 4.30. Cross section displaying δ13C and δ18O curves, TOC and Ca logs for wells BP x-3, 
JDR x-1, PSNO x-1 and MDME x-1. Lower Vaca Muerta Fm. is characterized by most deplete 
δ13C and δ18O values and highest measured TOC values. Carbonate-rich facies are characterized 
by less lighter δ13C and δ18O values. The upper Vaca Muerta Fm. with more carbonate-rich facies 
records, δ13C closer to +1‰. Cross section is flattened on the top of the Quintuco Fm. Wells are 





















When using carbon isotope chemostratigraphy as a chronostratigraphic proxy for the  
 
 
Figure 4.31. Late Jurassic and Early Cretaceous compilation of C- and O-isotope stratigraphy and 
biostratigraphy. The δ13C curve shows a smooth trend, during the deposition of the Vaca Muerta Fm. 
from the Tithonian to the Valanginian shows a lightening of the isotopic composition from around +3‰ 
to +1‰. δ18O values during this interval of time become progressively heavier, varying from around -
1.5‰ to close to 0 ‰, or even +0.5‰ for the Valanginian excursion. The upper Vaca Muerta in the 
study area deposited between 142 and 135 Ma. Modified from Weissert and Erba (2004).  Numerical 
ages: Channell et al. (1995). Planktonic foraminifers and nannofossil events from, Erba et al. 
(1999) and Herrle (2002). Ammonite zones: after Hennig et al. (1999) and Wissler et al. (2002). Carbon 
isotope data: composite curve after Weissert and Channell (1989), Channell et al. (1993), Erba et al. 
(1999), Herrle (2002) and Padden et al. (2002). Oxygen isotope data: after Weissert . (1985); Weissert 
and Channell (1989); Padden et al. (2002); Wilson et al. (2002).  
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The Vaca Muerta Formation relationships on the timing of stratigraphic units across the 
basin are distinguished (Figure 4.32). The isotopic measurements herein were conducted in 
whole rock samples rather than in skeletal grains like the curves presented in the literature. The 
upper part of the Vaca Muerta Fm. with higher carbonate content and less organic matter (TOC 
values close to 1wt. %)  shows δ13C values between +1 and +2 ‰. These values are close to the 
ones shown on the global curve for the later Tithonian. So the carbonate rich facies, rich in 
periplatform sediments, record heavier δ13C isotopic values and are closer to the original 
composition of the water during the Late Jurassic and early Cretaceous.  These facies should then 
be used to calibrate the isotopic data to the global curve presented by Weissert and Erba (2004).  
Based on this assumption, the upper Vaca Muerta Fm. (carbonate-rich interval) in this study was 
deposited between the mid to late Tithonian. However, a mixed depositional and diagenetic 
signature from bulk sampling should also be considered.  
The lower Vaca Muerta however, with depleted δ13C values (-4.13 ‰ to -3.04‰) 
correlates to δ13C values between +2 and +3‰ of the global curve. The fact that isotopic 
measurements were conducted on whole rock samples from cuttings rather than in selected 
carbonate grains and or individual bioclastic fragments, accounts for the organic matter and 
therefore provides the light carbon readings.  
4.8 Conclusions 
(1) Factor analysis results for ED-XRF elemental data from the 1010 well, BP x-3, JDR 
x-1, and MDME x-1 wells show three consistent elemental groups: (1) detrital – Al, Ti, Si, Ga, 
Nb, Th, Zr, K, Cr and Rb; (2) carbonate - Ca and Sr; (3) redox and/or organic matter- Mo, Zn, 
Ni, V, Cu, As.  
(2) Detrital components in the 1010 core are composed of silty and clay-sized fraction 
minerals. These show positive elemental correlations between Al and Si indicating a detrital 
origin of most of the silica in this system. Although biogenic silica from radiolarians and sponge 
spicules is present, it is considered insignificant. By correlating multiple detrital elemental 
proxies (e.g., Si, Al, Ti) and their ratios (e.g., Zr/Nb) five coarsening up intervals and a two 
fining up interval were identified for the 1010 core in the lower Vaca Muerta Fm The top of each 
coarsening up interval is interpreted to have significant terrigenous content relative to the 





























Figure 4.32. MDME x-1, PSNO x-1, JDR x-1 and BP x-3 wells correlated to the global C-
isotope curve from Weissert and Erba (2004). Carbonate-rich facies of the upper Vaca Muerta 
Fm. with δ13C values around 1‰ are correlated to the global C-isotope curve with δ13C values 
ranging between +1 and 2‰ (red dashed line). Wells on cross section displayed equidistantly 
and cross section flattened on the top of the Quintuco Fm.  
178 
 
XRD measurements taken on the JDR x-1 well from a fining up interval confirmed the decrease 
in Zr/Nb ratio by a decrease in detrital components (quartz, clays, and feldspars) and an increase 
in carbonate percentage. Large positive excursions on the Zr/Nb proxy log are interpreted as 
detrital layers underlying carbonate-rich facies. These carbonate-rich facies show lower Zr/Nb 
ratios. Multiple coarsening up intervals were interpreted for the entire Vaca Muerta Formation. 
These were further grouped as parasequence sets.  
(3) Element-TOC correlations show that sulfur (S), vanadium (V), arsenic (As), nickel 
(Ni), copper (Cu), lead (Pb) and, molybdenum (Mo) have good correlations and therefore may be 
used as TOC proxies in the Vaca Muerta Formation. Furthermore, Ni and Cu show the highest 
correlation coefficients, 0.87 and 0.8,4 respectively. Correlation of TOC with Si, Ni, Mo and Ca 
depict elemental cutoff values for low (<2 wt.%), moderate (2-5 wt.%), and high (>5 wt.%)  TOC 
weight percent. These cutoff values in wells with elemental data and lacking TOC data, should 
aid in locating low, moderate and high TOC intervals along the profile. 
(4) The Vaca Muerta Formation can be subdivided into three units based on proxies such 
as productivity (Ba and P), redox (Mo and V), organic matter (Ni and Cu), and detrital (Si and 
detrital log with Na, Ti, Al, Zr). Defined intervals are lower frequency trends than units defined 
for core where high frequency fluctuations are recorded. Concentration of redox sensitive 
proxies suggest oxygen deficiency during depostion of the Vaca Muerta Formation, especially 
towards the bottom of the Formation (Interval 1). Interval 2 is characterized by more oxygenated 
conditions and interval 3 is characterized by an increse in the carbonate content inferring suboxic 
conditions. 
(5) There is partial covariation between the δ13C and the δ18O trends, especially for the 
most proximal wells, BP x-3 and JDR x-1. Isotopic signature of whole rock samples from 
cuttings are dominated by the significant organic matter content and diagenesis. Most depleted 
carbon and oxygen values are measured in the lower Vaca Muerta interval, where the highest 
TOC is recorded. The isotopic signature of carbon is affected by the organic carbon present 
within these sediments, especially towards the bottom of the section. Carbonate-rich facies 
correspond to less negative δ13C values than the clay-rich facies. This may be related to 
periplatform sediments enriched in heavier carbon values that were transported basinward. 
Carbonate-rich facies also have lower TOC values (~1 wt.%).  
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(6) The Vaca Muerta Fm. in the study area is correlated to the early to late Tithonian time 
interval. The upper Vaca Muerta Fm. (carbonate-rich interval) in this study was deposited 
between the mid-to late Tithonian. The lower Vaca Muerta however, with depleted δ13C values (-
4.13 ‰ to -3.04‰), correlates to δ13C values between +2 and +3‰ of the global curve. The fact 
that isotopic measurements were conducted on whole rock samples from cuttings rather than in 
selected carbonate grains and or individual bioclastic fragments, accounts for the organic matter 
and therefore provides the light carbon readings.  
(7) Five facies are identified on the lower Vaca Muerta from the integration of core 
description with petrography and mineralogy: laminated claystone (F1), bioclastic lime 
wackestone (F2), bioclastic siltstone (F3), carbonate mudstone (F4), and bentonite (F5). Specific 
elemental signatures of each facies based on the different proportions of detrital and bioclastic 
grains, the matrix and the organic matter content are used to correlate the Vaca Muerta Fm. in all 
wells. 
(8) The 1010 core is interpreted to be a condensed section within the Quintuco-Vaca 
Muerta system where fourteen parasequences with thicknesses varying from 0.5 to 1.75 m are 
identified on the 1010 core. These parasequences are identified based on systematic stratal 
stacking pattern of lithofacies. The flooding surfaces were identified based on changes in lamina 
and bed geometries, gamma ray log response, and TOC measured data. The lower part of the 
parasequences is characterized by the presence of the distal facies (laminated claystone), 
significant organic content, and high gamma ray values, representative of a sediment starvation 
stage. In addition, high Mo and Ni contents are associated to the base of the parasequences. 
Conversely, the top of the parasequences are defined by more proximal facies such as bioclastic 
siltstones and lime wackestone. Coarser grain size indicators represented by elemental ratios like 
Si/Al, Ti/Al and Zr/Nb depict high values at the top of the parasequences. The top of the 
parasequences may therefore provide an optimum, more brittle, target within a clay rich, more 
ductile section. 
(9) The sequence stratigraphic correlation from the most proximal well, PB x-3 to the 
most distal one, MDME x-1, is conducted based on the following proxies: : (1) TOC, (2) carbon 
and oxygen stable isotope data, (3) carbonate geochemical proxies, (4) detrital-indicator 
geochemical proxies and, (5) redox-indicator geochemical proxies. The depositional model uses 
these proxies to interpret the different systems tracts to build a sequence stratigraphic framework. 
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The sequence stratigraphic model herein shows three sequences correlatable to sequences A 
through C interpreted by Mitchum and Uliana (1985) for the Tithonian. HST’s are defined by 
high Ca peaks in the upper part of the Vaca Muerta section, representing an increase in 
periplatform sediments. These are composed of the equivalent facies identified as bioclastic lime 
wackestone and the lime mudstone facies. Clay rich TST’s are characterized by high values of 
Mo and Ni, moderate values in detrital proxies, and low Ca values chemostratigraphic signatures. 
These facies are the equivalent facies of the laminated claystone. Highest TOC intervals are 
associated with the base of TST’s, where high Ni and Mo are measured. Lower concentrations of 
Mo, Ni, and TOC values in sequence 2 are indicative of a more dysoxic mudrock succession. 
Large positive excursions of the detrital proxies are interpreted as silty clastic input. These 
detrital sediments are the equivalent of the bioclastic siltstone. These facies appear close to the 
carbonate-rich facies and are interpreted as late TST or early HST. 
Carbon and oxygen data were used to compare trends on the δ13C and δ18O curves and 
use them as chronostratigraphic correlation tools. For all wells and throughout the entire Vaca 
Muerta Formation, when comparing carbonate-rich facies and clay-rich facies, the former have 
more positive δ18O and δ13C values. Therefore, HST’s are characterized by heavier isotopic 
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CHAPTER 5  
CONCLUSIONS AND RECOMMENDATIONS 
This chapter summarizes the final conclusions and the recommendations for this 
dissertation. 
5.1 Conclusions 
This dissertation tackles a reservoir characterization of the lower Vaca Muerta interval 
from the Neuquén embayment with detailed facies, pore and microfractures analysis.  In 
addition, a high–resolution sequence stratigraphic framework is built for the Vaca Muerta 
depositional system based on elemental and stable carbon and oxygen chemostratigraphy. The 
primary objectives of this dissertation were to address the following subjects: 1) haracterization 
of micro- to nano-scale pore types of the lower Vaca Muerta Fm. and their contribution to the 
reservoir, 2) characterization of calcite-filled horizontal and sub-vertical microfractures in 
regards to the timing of the cement filling and the hydrocarbon generation, and 3) the use of 
combined elemental, and carbon and oxygen isotopic chemostratigraphy coupled with facies 
interpretation to construct a sequence stratigraphic framework for the Vaca Muerta depositional 
system.  
(1) Chapter 2 results show that quantitative data and the imagery from this study provide 
important insights into the micro- and nanoscale attributes of the Vaca Muerta reservoir in this 
part of the Neuquén Basin. The combination of FE-SEM observations of argon ion-milled 
surfaces with QEMSCAN analysis allows a complete pore characterization in terms of pore 
distribution, type, shape and size. Additionally, FE-SEM observations allow for characterization 
of the microfabrics of the matrix, the degree of diagenetic alteration, and the nature and 
distribution of organic matter. Interparticle pores are ubiquitous within the lowermost Vaca 
Muerta interval, followed by intraparticle pores. Organic matter-hosted pores (organopores) are 
the least common at this location. The absence of ubiquitous organic matter pores in the study 
area is because of the insufficient thermal maturation of the Vaca Muerta Formation that is 
considered to be in the early oil window. The occurrence of bitumen filling most of the 
observable interparticle and intraparticle pores demonstrates the interconnectivity that must have 
allowed for hydrocarbons to migrate. Some interparticle and intraparticle pores still remain open, 
and lack organic matter within them. This could be due to limited connectivity through smaller 
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pore throats, because small pore throats constrain fluid passage, inhibiting migration of the 
kerogen byproducts. Interparticle pores are the most ubiquitous pore types, and porosity and 
permeability are primarily controlled by these types of pores. Organic matter plays the main 
controlling role where richest intervals correspond to the lowest measured core porosities and 
permeabilities.  
(2) Chapter 3 results show the relative timing of the formation and cementation of the 
calcite-filled bedding-parallel and sub-vertical fractures. Calcite cementation occurred from a 
single fluid phase for both types of fractures. Calcite under CL displayed an overall bright orange 
luminescence, indicating that the calcite precipitated from a fluid rich in Mn and Fe under 
reduced conditions. In addition, carbon and oxygen isotopic signatures for sub-vertical and 
bedding-parallel fractures are the same. The significantly depleted oxygen values presented 
herein are a result of a relatively late diagenetic origin under progressive burial. It confirms that 
calcite within the fractures precipitated during a later stage and from a fluid formation at greater 
depths and temperatures. 
The most probable scenario for generation and cementation of both types of fractures is 
response to the main stress field during the latter part of the Cretaceous. A second stage of 
bedding-plane fracturing appears related to the onset of hydrocarbon generation. Fractures 
initially provided flow pathways for undersaturated fluid flow. Later, fracture cementation 
occurred through calcite precipitation within the sub-vertical and bedding-parallel fractures. 
Lastly, hydrocarbons filled the remaining pore space within the fractures.  
(3) Chapter 4 results show that elemental proxies in combination with carbon and oxygen 
isotopic data and a detailed facies characterization provide the tools to correlate the Vaca Muerta 
Fm. using a sequence stratigraphic framework. Most suitable elemental proxies for the 
Formation are: (1) detrital proxies (Al, Ti, Si, Ga, Nb, Th, Zr, K, Cr and Rb); (2) carbonate 
proxies (Ca and Sr); and (3) redox and/or organic matter proxies (Mo, Zn, Ni, V, Cu, As). 
Concentration of redox sensitive proxies suggest oxygen deficiency during depostion of 
the Vaca Muerta Formation, especially towards the bottom of the Formation. However, an 
increse in carbonate content towards the upper section suggests progradation of  more suboxic 
conditions. 
Cutoff values in wells with elemental data and lacking TOC data, aid in locating low (<2 
wt.%), moderate (2-5 wt.%), and high (>5 wt.%) TOC intervals along the depositional profile. 
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Element-TOC correlations show that S, V, As, Ni, Cu, Pb and, Mo are well correlated and 
therefore may be used as TOC proxies in the Vaca Muerta Formation.  
Specific elemental signatures of facies based on the different proportions of detrital and 
bioclastic grains, the matrix composition, and the organic matter content are used to correlate the 
Vaca Muerta Fm. in all wells. Stacking patterns of the parasequences from the lower Vaca 
Muerta in the 1010 core together with TOC, carbon and oxygen stable isotope data, carbonate 
geochemical proxies, detrital-indicator geochemical proxies, and redox-indicator geochemical 
proxies provided robust data for well correlation in a sequence stratigraphic framework. The 
sequence stratigraphic model herein for the Vaca Muerta Fm. is comprised of three sequences 
consistent with previously interpreted 3rd order sequences in the basin. HST’s are defined by 
high Ca peaks in the upper part of the Vaca Muerta section, representing an increase in 
periplatform sediments. These are composed of the facies identified as bioclastic lime 
wackestone and the lime mudstone facies. Clay rich TST’s are characterized by high values of 
Mo and Ni, moderate values in detrital proxies, and low Ca values. These facies  comprise the 
laminated claystone facies. 
The Vaca Muerta Fm. in the study area is correlated to the early to late Tithonian time 
interval. The upper Vaca Muerta Fm. in this study was deposited between the mid-to late 
Tithonian. The lower Vaca Muerta however, with depleted δ13C values, correlates to δ13C values 
between +2 and +3‰ of the global Tethyan curve. The fact that isotopic measurements were 
conducted on organic-rich whole rock samples from cuttings rather than in selected carbonate 
grains and/or individual bioclastic fragments, accounts for the light carbon readings.  
5.2 Recommendations for future work 
1. Characterization of the surface area and the pore-structure of the lower Vaca 
Muerta Fm. on the 1010 core through nitrogen adsorption should be considered for future 
studies. Low-pressure adsorption experiments where the temperature-pressure regime is kept 
below the critical fluid phase provide textural information of the pores. The pore size distribution 
is obtained through condensation of the nitrogen gas.  
2. Characterization of the smallest pore fraction through focus ion beam scanning 
electron microscopy (FIB-SEM) techniques. This would allow a more complete study of the 
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distribution and quantification of the nano- and picopores present in the lower Vaca Muerta Fm. 
at this location.  
3. Analyze possible micron-scale fluid inclusions within the horizontal and vertical 
microfractures on the 1010 core. This should establish a definite timing of the hydrocarbon 
migration in regards to the calcite-rich fluid migration and the fracture cementation.  In addition, 
fluid inclusions will provide information on the type of reservoir fluid, the temperature, the 
pressure, and the charges.  These values may be further used to verify the burial and thermal 
model built for the 1010 well.  
4.  A detailed and consistent petrographic analysis of the cuttings on wells Medano 
de la Medano de la Mora x-1, Bajada del Palo x-3, Jaguel del Rosauros x-1, Puesto sin Nombre 
x-1 should be considered. Rock types defined from optical microscopy and field emission 
scanning electron microscopy (FE-SEM) observations should be ultimately coupled with the 
defined elemental and isotopic chemostratigraphic units. This could then be extrapolated to wells 
that lack available core.   
5. Biostratigraphic analysis of the core and cuttings should provide a more accurate 
time constraint on the identified depositional sequences.   
6. The chemostratigraphic framework used on this study should be applied to other 
areas within the Neuquén Basin for correlation purposes. A good understanding of geochemical 
and isotopic stratigraphic variability, elemental and mineralogic distribution, and source-rock 
geochemical parameters help characterize the best reservoir quality and permit definition of areas 






PORE SHAPE AND DSITRIBUTION FROM QEMSCAN 














Figure A.1. Pore shape and size distribution for samples 3097.20 (A.a) and 3106.35 (A.b) from 
QEMSCAN binned by pore diameters and indicated on vertical axis. These plots show all the 
pores identified in Figures 2.21 and 2.22 and separates them by size (Table A.a and A.b). for 
both samples, the most abundant pore size is smaller than 2 µm. Pores larger than 14 µm are 
more significant in sample 3097.20. Sample 3106.35 shows considerably more pores in the 2 to 
































< 2 µm 2-3.5 µm 3.5-5 µm 5-6.5 µm 6.5-8 µm 8-9.5 µm 9.5-11 µm 11-12.5 µm 12.5-14 µm >14 µm
3097.2
N# of Particles 2405 18 119 498 49 79 8 18 2 10







< 2 µm 2-3.5 µm 3.5-5 µm 5-6.5 µm 6.5-8 µm 8-9.5 µm 9.5-11 µm 11-12.5 µm 12.5-14 µm >14 µm
3106.35
N# of Particles 7083 103 428 943 49 103 2 22 1 2
Volume % 59.50 3.27 11.45 19.54 2.20 3.01 0.11 0.76 0.07 0.08
Table A.1b 
